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Abstract
Both experiments and numerical simulations have provided evidence that an initially fully
developed two-dimensional boundary layer, subjected to a sudden spanwise forcing, ex-
hibits a decrease of turbulent quantities such as the Reynolds shear stress, turbulent kinetic
energy and turbulent friction drag. In past experiments and investigations, such forcing
has traditionally been in the form of spanwise wall oscillations, spanwise travelling Lorentz
forcing, superimposed spanwise pressure gradients and spanwise travelling waves of an in-
plane flexible wall. The aim of this work is to take the idea a step further and develop an
active surface which locally executes the motions described above making such a system
more readily deployable. Two surfaces were developed: both executing in-plane local oscil-
lations with amplitude close to or larger than the mean streak spacing in a turbulent flow,
but based on two different technologies, electroactive polymers in the dielectric form of
actuation and electromagnetic motor forcing. The effect of these two surfaces was confined
to wall-normal heights on the order of the linear sublayer of the turbulent boundary layer,
and frequency and wavelength similar to those reported in literature. Extensive hot-wire
measurements, some PIV measurements and direct measurement of friction drag using a
bespoke drag balance are presented for the systematic variation of the relevant parameters
for turbulent friction drag reduction. Electroactive polymers (EAP) are able to undergo
relatively large deflections at high frequencies. Developments in the field of EAP such
as static and dynamic characterisation of the EAP membranes in use in this work, de-
velopment of robust electrodes and their characterisation, in-house manufacturing of thin
silicone membranes and post-processing of pre-built silicone membranes are presented.
Numerical studies of the optimum pre-strain values and of the optimum electrode to pas-
sive portions width ratios are presented. Actuator development techniques including EAP
membrane pre-stretch in a bespoke jig, EAP membrane pre-conditioning to go past the
Mullins’ effect, electrode preparation procedure and deposition, and frame preparation are
presented. Actuator characterisation results including analysis of multi-flash photographs
and laser profilometer scans for in-plane and out-plane deflections at different frequencies
are also presented.
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Chapter 1
Introduction
“A 50% cut in CO2 emissions per passenger kilometre (which means a 50% cut in fuel
consumption in the new aircraft of 2020) and an 80% cut in nitrogen oxide emissions.”.
European Aeronautics: A Vision for 2020 (2001).
1.1 The need for better technologies in transport
The scenario: An Airbus A340 leaves Munich International Airport in Germany laden
with fuel, cargo and passengers; 7,628 kilometres away, it lands at Chicago O’Hare. In
the process it has burnt 54 tonnes of kerosene and produced 162 tonnes of carbon dioxide
(based on an estimate that 1kg of kerosene releases 3kg of carbon dioxide and 1.2 kg of
water vapour, Archer, 1993). The Aviation Environment Federation (2000) reports that
one person flying a return trip between London and New York (a distance of about 11,000
km) generates between 1.5 and 2 tonnes of CO2. In a report entitled “The Environmental
Effects of Civil Aircraft in Flight” published by the Royal Commission on Environmental
Pollution (2002), trends in air transport and the environmental effects of aircraft in flight
are analysed and technical possibilities and the drafting of a policy to improve the state
of the art are suggested. The report highlights four main environmental concerns asso-
ciated with aircraft: climate change, stratospheric ozone reduction (leading to increased
surface UV radiation), regional pollution and local pollution. The emissions and changes
in atmosphere constituent gases – CO2, ozone and methane (from oxides of nitrogen emis-
sions), sulphate and soot particles, water vapour and contrails (moisture condensation
trails when the hot exhaust mixes with cold air close to saturation, figure 1.1) – associated
with subsonic aircraft, which typically cruise at an altitude of 9 to 13 km close to the
tropopause (the sharp transition between the troposphere and the stratosphere), change
the absorption of solar radiation and the absorption and emission of thermal radiation and
may therefore affect climate, Royal Commission on Environmental Pollution (2002).
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Figure 1.1: The sky south of Lancaster full of contrails at 8.30am on 19/12/2002 (Phil Leigh, Weather,
July 2003). Picture taken from the website of the National Contrail Observation Network,
http://www.es.lancs.ac.uk/hazelrigg/contrails/Welcome.htm
Contrails (condensation trails) form when hot exhaust from the engines mixes with the ambient cold air
and saturation can occur causing the moisture to condense onto particles in the atmosphere, especially
those in the exhaust. In supersaturated conditions, contrails tend to persist and spread. Contrails
are responsible for certain extents of cooling and warming of the Earth’s surface although the latter
warming effect is thought to be dominant, Royal Commission on Environmental Pollution (2002).
In its 1999 report Aviation and the Global Atmosphere, the Intergovernmental Panel on
Climate Change estimated a traffic growth of 3.1% per annum (less than the rate seen in
the last decade) and a fuel burn growth of 1.7% meaning that by 2050, the traffic would
be a factor of 6.4 times larger and fuel burn 2.7 times larger (assuming the targets in
aircraft efficiency are met), Royal Commission on Environmental Pollution (2002). Wood
estimates that the traffic would triple by 2020, Morrison et al. (2006).
It has been recognised that revolutionary improvements in aircraft efficiency are required
for a number of pressing reasons. In fact, the European Commission commissioned a re-
port entitled “European Aeronautics: A Vision for 2020” published by a group of senior
personalities drawn from industry and other stakeholders. In this report, the strengthen-
ing and reorganisation of research and development efforts were recommended to improve
competitiveness and provide a safe, efficient and environmentally friendly air transport
system, European Aeronautics: A Vision for 2020 (2001). The recommendations cover
improvements in areas as wide as punctuality, safety, environmental issues, noise and
traffic management through breakthroughs in simulations, hazard protection systems, air
transport management, novel materials, design methodology, engine technology and aero-
dynamics. As regards aerodynamics, one of the direct calls of this report is “. . .A 50% cut
in CO2 emissions per passenger kilometre (which means a 50% cut in fuel consumption in
the new aircraft of 2020) and an 80% cut in nitrogen oxide emissions”.
It was the energy crisis of the 1970’s that rekindled interest and research in drag reduction
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techniques for all types of land, sea and air transportation, (Bushnell & Moore, 1991) but
the current resurgence in oil prices and the pledge that the “European Aeronautics: A
Vision for 2020” is promising, opens a whole new dimension of academic breakthrough
and high-risk research on flow control coupled with industrial implementation of ideas on
the next generation aircraft.
The area of flow control has been around since live species were able to evolve. Bushnell &
Moore (1991) note that the presumption is that drag-reduction adaptations have evolved
for improved efficiency or speed, or both, thereby aiding species survival in the Darwinian
sense. Longitudinal body grooves in cacti and shells for Ka´rma´n vortex street alteration,
riblets on shark and dolphin skins for friction drag reduction and eﬄux from fish gills for
turbulence enhancement on the separation-prone side during fast turning are all interesting
examples of flow control which we have observed and tried to adopt.
Gad-el Hak (2000) notes that the skin friction drag of a subsonic aircraft accounts to
about 50% of the total drag although Fulker, J. (2005) (QinetiQ) states that this figure
may be lower. However, any reduction in aircraft drag would be in line with the European
Aeronautics: A Vision for 2020 (2001) pledge in economical, social and environmental
issues. After all, as Wood highlighted at the Morrison et al. (2006), the aircraft which
would meet the 2020 Vision would most likely incorporate a number of drag-reducing
devices.
There is also the need for improved performance of military vehicles in terms of turbulent
friction drag. In such a realm, overall efficiency of how a turbulent friction drag reduc-
tion is attained, may in some cases, be less important than the overall amount of drag
reduced. In the case of say, a nuclear submarine under attack, survivability becomes the
most important factor and a flow-control device which suddenly, when activated, gives a
decrease in turbulent friction-drag reduction is attractive even if this implies a negative
energy balance. On the other hand, in the case of a micro UAV, loitering over an area
during observation, endurance through a reduced turbulent friction drag becomes the most
important factor - the ability to stay, or not, at its observation post for long enough, may
determine success or failure of the overall mission.
1.2 Beyond aerospace applications
The need for drag reduction for better efficiency goes beyond the field of aerospace vehi-
cles. In the case of crude oil delivery, where pipelines could be hundreds to thousands of
kilometres in length, sometimes spanning across continents, a small percentage decrease in
skin friction between the crude oil and the pipeline walls could lead to significant savings
4 Chapter 1. Introduction
in pumping power. On the other hand, marine bed-rock surveys are typically carried out
off a test-bed housed in a streamlined vessel towed behind a ship. Substantial fuel savings
could be made by the towing ship and potentially, a thinner, lighter towing cable could
be used if the towed test-bed could be made more efficient through a reduction in its skin
friction drag. Additionally, on boats, such as racing yachts, especially at lower speeds, a
substantial amount of resistance is due to skin friction between the keel (and the stability
hydrodynamic fin) and the sea-water. An intelligent system that operates a skin friction
reduction scheme when necessary, could lead to substantial increases in sailing efficiency
for such yachts.
1.3 Motivation
In literature, drag reduction by spanwise wall oscillations, spanwise travelling or oscil-
lating body forces, e.g. Lorentz forcing, spanwise pressure gradient and cross-flow have
been reported extensively through both experimental and numerical studies but always
in open-loop mode. Commercially attractive, high friction-drag reductions (25% to 40%)
were reported, but the actuator mechanisms employed were limited to the laboratory
environment and practically unsuitable for implementation.
The aim of this work is to develop a simple and robust open-loop skin-friction reduction
device in the form of a surface which executes local spanwise in-plane oscillations. The
material proposed for this surface from is Electro-Active Polymer (EAP) used in a di-
electric actuator (DEA) configuration. Hot-wire anemometry measurements and direct
measurements of friction drag results are presented for a systematic variation of the rel-
evant parameters for turbulent friction drag reduction. Developments in the new field of
EAP are also presented including studies of the properties of EAP membranes and the
electrodes and their variation with actuation, as well as studies in actuator development
supplemented with materials modelling and actuator characterisation.
Chapter 2
Turbulence and its Control
“I am an old man now, and when I die and go to heaven there are two matters on which
I hope for enlightenment. One is quantum electrodynamics, and the other is the turbulent
motion of fluids. And about the former I am rather optimistic.” Horace Lamb
2.1 Turbulence
Turbulence, one of the greatest challenges in physics, (Frisch, 1995), can be observed in
both cosmical and natural environments, in engineering applications and in everyday life.
Bradshaw (1972) defined turbulence as “. . . a three-dimensional time-dependent motion in
which vortex stretching causes velocity fluctuations to spread to all wavelengths between
a minimum determined by viscous forces and a maximum determined by the boundary
conditions. It is the usual state of fluid motion except at low Reynolds numbers.” On the
other hand, Saffman (1981) defined it as simply “. . . a field of random chaotic vorticity.”.
Leschziner (2005) notes that “Turbulence is a spatially complex collection of mutually
straining, self-convecting vortex tubes (‘eddies’) with wide ranging length and time scales
which evolve in time and space in a chaotic, non-repeatable random manner.” Pope (2000)
gives two examples of turbulent flows: a “waterfall where the flow is unsteady, irregular,
seemingly random and chaotic and the motion of every eddy is unpredictable”; and “the
plume of a rocket motor, where turbulent motions of many scales can be observed, from
eddies and bulges comparable in size to the width of the plume to the smallest scales your
camera can resolve. The features mentioned in these two examples are common to all
turbulent flows.”
2.2 The structure of near-wall turbulence
Robinson (1991) states that, “In a turbulent boundary layer, kinetic energy from the free-
stream flow is converted into turbulent fluctuations (turbulent motion is associated with
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rates of transport of momentum, interpreted as Reynolds stresses in the presence of mean
flow velocity gradients - the turbulent motion will grow or decay at a rate dependent on
the rate of work done by these Reynolds stresses on the mean flow which results in an
exchange of energy (production) between the the mean flow and turbulence, Young, 1989)
and then dissipated into internal energy by viscous action (work done by viscous stresses
associated with the smallest scales leading to dissipation, Young, 1989). In the absence of
strong stabilising effects, the process is self-sustaining and gives rise to the term turbulence
regeneration cycle”.
Figure 2.1: The coordinate system adopted in this work. The 3-D space x,y,z together with the corresponding
velocities u, v and w are shown.
Figure 2.2: The proposed conceptual sequence of the bursting process. The arrows indicate the sequence of events
and the ‘?’ indicate the relationships which are still in debate, Blackwelder in Gad-el Hak et al. (1998).
While the earlier comments that a turbulent flow is seemingly random, chaotic or unpre-
dictable, there is a degree of organisation in the flow in the form of quasi-periodic repeating
patterns of coherent motion believed to be responsible for the maintenance (production
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and dissipation) of the turbulence regeneration cycle (Blackwelder in Gad-el Hak et al.,
1998), Robinson (1991). A general definition of a coherent structure or motion, is given
by Robinson (1991) as “a three-dimensional region of the flow over which at least one fun-
damental flow variable (velocity component, density, temperature etc.) exhibits significant
correlation with itself or with another variable over a range of space and/or time that is
significantly larger than the smallest local scales of the flow.”
Pope (2000), quoting from Robinson (1991) gives eight categories of coherent structures
in near-wall flows based on observations by other researchers:
1. low-speed streaks in the viscous sublayer (≈ the region 0 < y+ ≤ 10).
2. Ejections of low-speed fluid outward from the wall including the lifting of low-speed
streaks.
3. Sweeps of high-speed fluid towards the wall, including inrushes from the outer region.
4. Vortical structures of several proposed forms.
5. Strong internal (near-wall) shear layers in the wall zone (y+ ≤ 80) with local con-
centrations of spanwise vorticity and ∂u∂x
1
6. Near-wall pockets, observed as areas clear of marked fluid in certain types of flow-
visualisation.
7. Backs: shear layers (of scale δ) across which the streamwise velocity changes abruptly.
8. Large-scale motions in the outer layers (turbulent-potential interface) including, for
boundary layers, bulges, superlayers and deep valleys of free-stream fluid.
Low-speed streaks are defined by Blackwelder in Gad-el Hak et al. (1998) as ‘near-wall
. . . low-speed regions’ and by Pope (2000) as packets of relatively slow-moving fluid with
streamwise velocity about half of the local mean, figure 2.3. Robinson (1991) states that
such elongated, unsteady regions of fluid with low-speed streamwise velocity (accompa-
nied, inevitably by the corresponding high-speed regions) occur mainly in the viscous
sublayer. The mean spanwise spacing between low-speed streaks is approximately 100
ν/uτ , Robinson (1991), have widths of about 20 viscous units, lengths of several hundreds
to a thousand viscous units and lifetimes of typically 500 ν
u2τ
(though lifetimes of up to
2500 ν
u2τ
have been observed), Blackwelder in Gad-el Hak et al. (1998). The low-speed
1Laadhari et al. (1994) cite Johansson et al. (1991) in which it was shown that the near-wall shear layers
∂u
∂x
and ∂u
∂y
, i.e. the streamwise and normal gradient of u, play an important role in turbulence production.
Laadhari et al. (1994) state that the reduction in the correlation coefficient between these two gradients
indicates that the near-wall shear layer of the 3D flow being controlled by spanwise wall oscillations and
that of the unperturbed flow do not have the same direction.
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Figure 2.3: Low-speed streaks in the near-wall region of a turbulent boundary layer. Gad-el-Hak, M. (2007).
streaks reside within y+ < 10 but they often move away from the wall to 20 < y+ < 50 in
a violent action, called a burst, and considerable mixing takes place. Pope (2000) states
that as the streak convects downstream, it slowly moves away from the wall but then at a
particular point, (typically around y+ ≈ 10) it starts to rapidly move away from the wall
- streak lifting or ejection - subsequently the streak experiences a rapid oscillation which
leads to its breakdown into smaller scales.
Figure 2.4: The u−v sample space showing the numbering of the four quadrants and the quadrants corresponding
to ejections and sweeps, Pope (2000).
Pope (2000) further states that flow continuity requires a flow towards the wall in other
regions. This leads to another important near-wall event: sweeps - packets of high-speed
fluid moving towards the wall. Here reference is made to the fluctuating quantities u− v
sample space shown in figure 2.4. The product uv is negative in quadrants 2 and 4,
and since the expression for turbulence production is given by P = −uv ∂U∂y , then these
two events lead to positive production, producing turbulence kinetic energy, i.e. energy
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converted from the mean flow into turbulent fluctuations.
Figure 2.5: left) Arch- and hairpin-shaped vortical structures, Robinson (1991) and right) Counter-rotating rolls
in the near-wall region showing the inflection in the profile, Pope (2000).
Another important structure in the near-wall region is the streamwise vortex, figure 2.5
which occurs typically on the sides of a low-speed streak (. . .lying directly above and
laterally displaced. . . Kravchenko et al., 1993). Such streamwise vortices only extend
approximately 100 ν/uτ in the streamwise direction and have diameters of 10-30 ν/uτ ,
Blackwelder in Gad-el Hak et al. (1998). A variety of such vortical structures have been
reported in literature including quasi-streamwise vortices, some occurring singly and some
in counter-rotating pairs, “arches”, “horseshoes” and “hairpin” vortices with elongated
trailing legs.
One conceptual model of the turbulence regeneration cycle relates the vortical structures
and streaks: Blackwelder & Eckelmann (1979) and Robinson (1991) suggest that in the
near-wall region of the turbulent boundary layer, low-speed streaks are formed on the
upwash side of the quasi-streamwise vortices either singularly or in pairs by bringing up
low-momentum fluid from below, causing inflections in the profile, figure 2.6, and hence
inviscid instabilities which eventually lead to bursting, Blackwelder in Gad-el Hak et al.
(1998).
Kravchenko et al. (1993) examined this concept and noted that streamwise vortices lie
directly above and laterally displaced from high skin-friction regions. It was also deduced
that the net drag associated with regions of strong streamwise vortices was larger than the
mean skin friction for the entire wall. Streamwise vortices were found to transport high-
speed fluid towards the wall on their downwash side whereas on their upwash (ejection)
side, low-speed fluid is transported away, Kravchenko et al. (1993).
Numerous other conceptual models were presented attempting to explain the physical
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Figure 2.6: Instantaneous velocity profiles in the a) normal and spanwise at y+ = 15 in b) and at y+ = 60 in
c), showing the inflections in the velocity profiles and hence inviscid instabilities which eventually to
bursting, Blackwelder in Gad-el Hak et al. (1998).
processes of turbulent boundary layers and trying to model the turbulence regeneration
cycle, i.e. how the vortical structures lead to streaks which burst and lead to the creation
of further vortical structures. Figure 2.7 is a model proposed by Hinze (1975).
The boundary layer mean velocity profile plotted on semi-logarithmic axes and with non-
dimensional units of velocity u+ = uuτ and wall-normal distance y
+ = yuτν , is shown in
figure 2.8. There are a number of regions in such a velocity profile: a) the region called
the inner layer consists of the viscous sublayer and the log-law and b) the outer layer. The
viscous sublayer typically extends to y+ = 50 while the portion of this layer closest to
the wall is defined as the linear sublayer over which the the mean velocity gradient, ∂U∂y is
approximately constant. The region where the viscous sublayer meets the log-law region
is a location of maximum values of many of the turbulent quantities such as turbulence
production and the velocities u and w.
Starting from the Navier-Stokes equations, the equation for turbulent kinetic energy trans-
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Figure 2.7: Conceptual model of the turbulence near the wall during a cyclic process, Hinze (1975).
Figure 2.8: The boundary layer mean velocity profile plotted in semi-logarithmic axes, Morrison (2010).
port can be derived, Morrison, J.F. (2005):
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which for a 2D boundary layer approximation reduces to:
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12 Chapter 2. Turbulence and its Control
where  = ν
(
u∇2u+ v∇2v + w∇2w
)
The term on the left-hand side of equation 2.2 represents advection: the rate of transport
of 12u
2
i by the mean flow. The first term on the right-hand side of equation 2.2 represents
production: the rate at which mean velocity gradients ∂Ui∂xj do work against the Reynolds
stresses −ρuiuj . The second and third terms represent diffusion: the rate of transport
of turbulent kinetic energy by pressure, velocity and viscous stress fluctuations. The last
term in the equation represents dissipation: the “sink” term for turbulent kinetic energy.
It is the rate at which viscous stresses do work against the fluctuating rate of strain.
This energy appears as internal molecular energy of the fluid due to viscous dissipation.
Figure 2.9 shows the conversion and flow of energy in a boundary layer represented by the
aforementioned terms in equation 2.2.
Figure 2.9: Conversion and flow of energy in a boundary layer, Townsend (1976).
2.3 The Control of Turbulence
Flow Control has been defined by Flatt in Lachmann (1961) and quoted by Gad-el Hak
et al. (1998) as follows: “Boundary layer control includes any mechanism or process through
which the boundary layer of a fluid flow is caused to behave differently than it normally
would were the flow developing naturally along a smooth straight surface”.
Townsend (1976) noted that the development of mechanisms for turbulent control rest on
the observations that organised structures in the near-wall turbulence and friction drag
are linked, figure 2.9. Along the same argument, Du & Karniadakis (2000) argue that
most of the attempts at developing turbulence control methods are based on the premise
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that, by the manipulation and alteration of low-speed streaks, quasi-streamwise vortices,
the viscous sublayer or the hairpin-like structures that populate the near-wall region, the
turbulence production cycle could be favourably altered, stabilised or reduced in intensity.
On the other hand, Jimenez & Pinelli (1999), artificially interrupted the streak cycle in
a DNS study, and observed large drag reductions and eventual re-laminarisation. They
therefore conjectured that the turbulence regeneration cycle is associated with the near-
wall region only and independent of the outer flow. Du et al. (2002), note that, based
on this finding and other experimental evidence, controlling locally individual streamwise
vortices is now the focus of modern drag reduction techniques. Such techniques are based
on sophisticated and rather complex closed-loop control strategies which, although effective
at DNS Reynolds numbers, may after all be inefficient and maybe unfeasible when tackling
length scales of the order of tens of microns found in high Reynolds number flows, Du et al.
(2002).
In fact, Gad-el Hak (2002) states that, for a commercial aircraft cruising at 300 m/s at
an altitude of 10,000 m where the air density is 0.4 kg/m3 and kinematic viscosity is
ν = 3 × 10−5 m2/s and Re = 107, at a point 1 m downstream of the leading edge, the
friction coefficient is Cf = 0.003 and the friction velocity is uτ = 11.62 m/s. This leads to a
viscous wall unit (y+ = νuτ ) of 2.6 µm and a linear sublayer thickness of 5 ν/uτ equivalent
to about 13 µm. The typical spanwise streak spacing, 100 viscous units is hence 260 µm
and typical streak length is about 2600 µm. A typical non-dimensional frequency of burst
events is of the order of f+ = 0.004 corresponding to 18 kHz.
Figure 2.10: Classification of flow control strategies, Gad-el Hak et al. (1998).
Figure 2.10 shows one type of classification of flow control strategies, considering energy
expenditure and the control loop involved. A passive control strategy requires no energy
input. Examples of passive devices are riblets, static dimples and large-eddy breakup
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devices. Active devices require energy input and are classified into predetermined and
reactive schemes. Predetermined schemes are open-loop and do not utilise any sensors.
Reactive schemes utilise a measurement of some kind to adjust the control input and their
control loop can be open feedforward (adjusting the control according to signals from a
sensor) or closed, feedback (adjusting the control according to the ‘error’ between the state
to be reached and that measured by a sensor).
Control based on spanwise forcing as reported in literature has been based mainly on the
open-loop predetermined principle. Such a control strategy can also, though, be imple-
mented as an open-loop, reactive, feedforward scheme as a few sensors measuring the global
flow variables ensure that the control input appropriately adjusts if the flow conditions
change.
2.3.1 Stokes’s second problem
G.G.Stokes (1856) and Lord Rayleigh (1911) were the first to investigate this problem of
an infinitely extended flat wall carrying out harmonic oscillations in its own plane. The
following is adapted from Schlichting (2000).
When the wall starts executing harmonic oscillations, the flow above it undergoes unsteady
motion. Consider the unsteady parts of the velocity to be independent of the coordinate
z. As the pressure is assumed constant in the whole space, the Navier-Stokes equations
simplify to:
∂w
∂t
= ν
∂2w
∂y2
. (2.3)
The no-slip condition at the wall causes the flow velocity at the wall to be:
at y = 0 w(0, t) = W0 cosnt
The solution to the differential equation 2.3 for the boundary condition given above is:
w(y, t) = W0e−ky cos (nt− ky). (2.4)
where k =
√
n
2ν .
Hence the resulting velocity distribution is an oscillation with amplitude W0e−ky, W0 at
the wall and decreasing outwards with y. The layer at a distance y lags the wall by η = ky
such that:
w(y, t) = W0e−η cos (nt− η). (2.5)
Figure 2.11 shows the velocity distribution close to an oscillating wall at four different
phases of the wall motion.
2.3. The Control of Turbulence 15
Figure 2.11: Velocity distribution in the neighbourhood of the oscillating wall at different phases of the wall
oscillation. Schlichting (2000).
The depth of penetration of the viscous wave defined as the distance between two layers
which oscillate in phase, can be seen as a wavelength of the oscillation and is equal to
2pi/k. Schlichting (2000) however note that the depth of layer which really oscillates has
a thickness of approximately δs = 4.6/k = 4.6
√
2ν
n and at this thickness, the value of the
velocity is 0.01U0. From the equation for δs, it is seen that this layer becomes thinner for
increasing frequency n and decreasing kinematic viscosity ν.
It can be seen that the Stokes layer over an oscillating wall is a source of vorticity of
alternating signs as the wall moves back and forth, Choi et al. (1998).
2.3.1.1 Stability of the Stokes layer
In an investigation of the transition to turbulence in bounded oscillatory Stokes flows,
Akhavan et al. (1991a) and Sarpkaya (1993) introduced the Reynolds number Reδsl =
δslW0
ν
where δsl =
√
2ν
n is the Stokes layer thickness. In work on oscillatory flows in circular pipes,
another parameter Λ = Rδsl known as the Stokes parameter (or the related Womersley
number, α = R
√
(ων )) where R is the pipe diameter was also introduced. Citing numerous
earlier work, Akhavan et al. (1991a) define four broad types of flows in the Reδsl − Λ
space: I) Laminar flow, II) laminar flow with superimposed small amplitude velocity
fluctuations during the acceleration phase of the cycle and laminar flow during other
phases, III) intermittently turbulent flow where turbulent bursts appear violently during
the deceleration phase with the flow returning to a laminar state during the acceleration
phase and IV) fully turbulent flow during all phases. Both Sarpkaya (1993) and Akhavan
et al. (1991a) show that for flows where α > 5, the velocity amplitude of an oscillatory
flow along a cylinder is essentially the same as that for the limiting case when α =∞ (i.e.
for a cylinder of infinite radius, a flat plate). Hence for cases where α > 5, the stability
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of the Stokes layer is governed by Reδsl alone, Sarpkaya (1993). This however must not
be interpreted as meaning that there is one single value for the critical Stokes Reynolds
number. As pointed out in Sarpkaya (1993) and Akhavan et al. (1991a), there is a wide
range of reported critical Stokes Reynolds numbers. Given this wide range, Monkewitz &
Bunster (1987) assert that the instability may be possibly subcritical and that transition
may be strongly dependent on the level of disturbance in the test facility where the Stokes
layer is set up. Sarpkaya (1993) reported that for the case of Stokes flow transition over
planar surfaces, Li, H. (1954) reported a value of Reδsl,crit = 565. Jensen et al. (1989)
reported Reδsl,crit = 447. However Sarpkaya (1993) reports that lower values of Reδsl,crit
were indeed reported, as for example by Kamphuis (1975), at 142 for flow over a plate. In
conclusion, Akhavan et al. (1991a) assert that transition to flow of type II is quite sensitive
to the particular experimental setup while transition to flow type III is rather independent
of the particular experimental arrangement and conditions. In Akhavan et al. (1991a) and
Akhavan et al. (1991b) it is argued that the instability of flow type II may be explained by
the quasi-steady theories of Collins (1963), Obremski & Morkovin (1969), Cowley (1987)
and Monkewitz & Bunster (1987) where, based on the fact that the (convective) timescale
for the growth or decay of the (inflectional) instabilities of the Stokes layer is much shorter
than the (viscous) time variation of the base flow, the time variation of the base velocity
profile is neglected and a series of “frozen” profiles for different phases during the cycle are
individually examined for stability. Akhavan et al. (1991a) argue that it is expected that
the flow may be more susceptible to instability during certain portions of the oscillatory
cycle since the base velocity profile is continuously changing. This kind of stability analysis
predicts the most dangerous (i.e. most susceptible to develop inflectional instabilities)
profiles to occur at the start of the acceleration phase of the cycle which mechanism may
explain transition to flows of type II. Akhavan et al. (1991a) and Akhavan et al. (1991b)
also provide a hypothesis for the instability mechanism responsible for transition to flows
of type III.
All the above analyses were carried out in a Stokes layer in the absence of an orthogo-
nal boundary layer. When this is introduced, and hence non-linear streamwise convective
terms, an interaction between the spanwise-oscillating flow (assumed to be well within the
critical Reynolds number) and the streamwise flow is a non-linear one. What this means for
the stability of a streamwise, otherwise laminar, boundary layer is still to be investigated.
Early DNS data suggest the presence of streaming and some drag reduction, (personal
communication with Mr. Ivan Roldan). The drag-reduction effect resulting from the in-
teraction between the spanwise-oscillating flow (well within the critical Reynolds number)
and a turbulent boundary layer is however clear as will be reported in subsequent sections.
Given that the Stokes layer can undergo transition, even periodically, a generalised Stokes
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layer is defined as one in which the motion is dominated by a spanwise oscillation, but
which through the large accelerations involved becomes nonlinear.
2.3.2 The effect of the wall-based oscillating forcing
2.3.2.1 Early works
One of the first to report a crossflow-induced change in the structure of near-wall turbu-
lence were Bradshaw & Pontikos (1985) when they presented turbulence measurements on
an ‘infinite’ swept wing. They reported a significant decrease in the magnitude of the shear
stress compared with an equivalent two-dimensional boundary layer: as the flow became
more three-dimensional, turbulent activity decreased through reductions in diffusion of
momentum, turbulent energy and shear stress. Bradshaw & Pontikos (1985) argue that a
spanwise pressure gradient leads to the creation of a velocity gradient ∂W/∂y (and hence
of mean streamwise vorticity) and to second-order, a gradual decrease of the mean shear
in the (x,y) plane due to the skewing of the initially spanwise vorticity vector. From a
physical point of view, Bradshaw and Pontikos related the decrease in shear stress to a
reduction in the extent to which the larger, shear-stress-producing turbulent eddies (the
most efficient structures for extracting kinetic energy from the mean shear ν∂U/∂y, i.e.
the most efficient producers of shear stress) are organised, where the reduction is brought
about by the tilting in the (y,z )-plane by the spanwise mean shear ν∂W/∂y. They also
presume that such an effect occurs whenever there is a change in direction of the mean
velocity gradient vector as the flow moves downstream. It is stated that if ∂W/∂y increases
to a finite constant value, after a period of transition, the large eddies and the shear stress
eventually regain a structure typical of 2-D flow as they re-align along the new direction
of the resultant velocity gradient. Hence, Bradshaw & Pontikos (1985) state that “it is
the rate of change of ∂W/∂y that affects the eddy structure” leading to tilting of the large
eddies and “confusing their behaviour and reducing their efficiency” as shown in figure
2.12 and explained in the accompanying caption.
2.3.2.2 Changes in the streamwise mean velocity profile
Laadhari et al. (1994) were among the first to complement the DNS study of Jung et al.
(1992) with experiments, where in their work, the response of a turbulent boundary layer
on a flat plate subject to a spanwise oscillation of the wall at nondimensional frequencies in
the range f+ = 0.0033 to 0.0166 (2 to 10Hz) with a peak-to-peak amplitude of oscillation
of ∆z+ = 160 (2.5cm) was investigated. On the other hand, the DNS of Jung et al. (1992)
and a similar study in Akhavan et al. (1993) addressed the reduction of skin-friction in a
turbulent channel flow when subjected to either an oscillatory spanwise cross-flow or to a
spanwise oscillatory motion of the channel wall.
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Figure 2.12: Variation in ratio of shear stress magnitude |τ | = ((uv)2 + (vw)2) 12 to twice the turbulent energy,
q2 = u2 + v2 +w2 with x. ◦, x = 692mm;M, x = 892mm;O, x = 1092mm; •, x = 1292mm. While the
turbulence intensity still receives significant contributions from irrotational disturbances induced by
pressure fluctuations generated in the outer layer, the reduction in the stress-energy ratio observed
in the plots indicates that the shear stress is reduced near the surface. Bradshaw & Pontikos (1985).
Figure 2.13: Left : Mean streamwise velocity profile from the DNS of Jung et al. (1992). Right : Profiles of the
mean streamwise velocity at different frequencies and its normal gradient at f+ = 0.01, compared to
the unperturbed boundary layer, (open symbols). Laadhari et al. (1994).
As shown in figure 2.13, Laadhari et al. (1994) reported a reduction in the mean stream-
wise velocity throughout the region y+ < 30 and the reduction increased with increasing
frequency (or decreasing period from T+ = 300 to 60). The mean streamwise velocity
gradient was seen to have decreased for y+ < 8. Laadhari et al. (1994) also noted that
further from the wall, the mean streamwise velocity is slightly larger than that in the un-
perturbed case in order to conserve mass flux and that the profile exhibits a well defined
log law.
These findings into the effects on the mean profiles have been confirmed and developed
further by Choi et al. (1998) and Choi (2002). Referring to the set of plots in figure
2.14, the plots of the mean-velocity profiles obtained from these experiments, shown in
semi-log axes (top plot), when normalised by the friction velocity for each experimental
condition, are seen to collapse onto a single-curve in the linear sublayer whereas the rest
of the profile shifts upwards with increasing oscillation frequency. The plots at the bottom
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Figure 2.14: Top: Logarithmic velocity profiles of the boundary layer 10mm downstream from the trailing edge
of the oscillating plate for different frequencies of wall oscillation (∆z = 70mm). Data were non-
dimensionalised using the friction velocity for each experimental condition. The no-control friction
velocity was 0.105ms−1 which made the non-dimensional frequency f+ (and period T+) shown in the
figure vary between 0.0014 (750) and 0.01 (100). Bottom Left : Inner-scaled velocity profiles, in the
near-wall region of the boundary layer, 10mm downstream from the trailing edge of the oscillating
plate for different frequencies of wall oscillation (∆z = 70mm). Right : Outer-scaled velocity profiles
Choi et al. (1998).
of figure 2.14 (left and right) show the same data for the near-wall region but normalised
respectively by the inner and outer variables. From the figure on the right, it is clear that
the mean velocity gradient close to the wall has been reduced and that the linear region
of the viscous sublayer thickened with increasing frequency of oscillation.
Ricco & Wu (2004) and Ricco (2004) later presented results obtained from experiments in
water with measurements from hot-film and LDV. Along the same arguments presented
earlier regarding the friction velocity used for normalising the wall-normal dimension and
the streamwise velocity, figure 2.15 shows the mean streamwise velocity profiles at a stream-
wise location x/δ = 6.4 scaled with left) uτ and right) uτ,o. From the figure where data
were normalised by uτ , a decrease in mean velocity is seen in the range 0 < y+ < 20.
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For y+ > 30, in the logarithmic region, the profiles are seen to shift slightly upwards in
order to conserve mass flux agreeing with the observations of Laadhari et al. (1994). On
the other hand, when the data are normalised by uτ,o, the data collapses for y+ < 10
and the rest of the profile is shifted upwards, the upward shift being associated with a
drag-reducing flow. Similar to the findings of the works reported earlier, the effect on the
mean velocity profile is confined mainly within y+ = 10 and always within y+ = 30.
Figure 2.15: Mean streamwise velocity profiles at a streamwise location x/δ = 6.4 scaled with left) uτ and right)
uτ,o. The symbols are the same used in figure 2.15. Ricco & Wu (2004).
2.3.2.3 Changes in the r.m.s. velocity profile
A common observation in these studies, computational or experimental, is the effect of
the spanwise forcing on the turbulence intensities. Jung et al. (1992) and Laadhari et al.
(1994), reported substantial reductions in the turbulence intensities and that the peaks
move away from the wall as shown in figure 2.16.
The temporal and spatial evolution of the turbulence intensities will be addressed in section
2.3.2.11 through the DNS of Quadrio & Ricco (2003).
2.3.2.4 Changes in the probability distribution function, skewness and kur-
tosis
To better understand the effects of wall-oscillation on near-wall turbulence, the skewness
and flatness are plotted as functions of distance from the wall y+ as shown in figure
2.17. Skewness and Kurtosis and their significance in turbulent flow studies are defined in
Tennekes & Lumley (1972).
Quadrio & Sibilla (2000) state that the wall-oscillation enhances some high-speed streaks
while the elongated low-speed streaks are weakened. Consequently the skewness is in-
creased by the spanwise oscillation. In figure 2.17a, for the higher acceleration case (case
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Figure 2.16: Left : Profiles of turbulence intensities, in a channel with cross-flow oscillations at T+ = 100 compared
to an unperturbed channel (solid line), Jung et al. (1992). Right : RMS profiles of the three fluctuating
velocity components and Reynolds stress uv for f+ = 0.01, compared with the unperturbed boundary
layer, (open symbols). All measures were normalised by wall friction velocity of the unperturbed
boundary layer. Reductions of 45% in u′, 50% in −uv, 34% in v′ and 16% in w′ are noted, Laadhari
et al. (1994).
Figure 2.17: Skewness and Flatness (Kurtosis) of streamwise velocity fluctuations as a function of distance from
the wall, y+. Case I is a low acceleration and Case III is a high acceleration case. Il-Choi et al.
(2002).
III), the skewness has been increased and the maximum moves away from the wall (causing
a positive skewness in the buffer region which, with no control, had negative skewness)
increasing the area of positive skewness. In 2.17b, the kurtosis increases in the viscous-
sublayer region suggesting an increase in intermittency. To better understand these effects,
figure 2.18 shows a set of PDFs of the streamwise velocity fluctuations u′/urms.
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Figure 2.18: Probability density functions of streamwise velocity fluctuations. Il-Choi et al. (2002).
In figures 2.18a and b (within the viscous sublayer) the PDF’s are observed to be tilted
into the negative direction for no control whereas, in the control cases, they return close
to the centre. Il-Choi et al. (2002) attribute this change to the reduction of the low-speed
streaks, i.e. as a result of the shrinkage of the negative region in the PDF, as indicated
by the increase in skewness. An increase in skewness can come from two effects: i) an
increase in the intermittent large positive velocity fluctuations or ii) reduction of small
negative velocity fluctuations. Close-ups of the positive tails of the PDF also indicate a
positive increase above that of no-control, confirming the increase in kurtosis due to the
enhancement of some high-speed streaks by the wall-oscillation. From the present data,
Il-Choi et al. (2002) state that the changes to the PDFs come mainly from a reduction
in negative probability. Conversely, Choi & Clayton (2001) claim that the increase in
skewness and kurtosis in the viscous sublayer is “clearly the result of an increase in the
positive-tail probability”. Il-Choi et al. (2002)’s interpretation is in agreement with the
one from Quadrio & Sibilla (2000) who note that “although some high-speed streaks
are present, the evidence of elongated low-speed streaks is totally lost”; this scenario is
consistent with the increase of the flatness factor in the near-wall region, Quadrio & Sibilla
(2000). Figure 2.19 shows the increase in the skewness and kurtosis of the streamwise
velocity fluctuations within the viscous sublayer and the buffer layer as obtained by Choi
(2002) while figure 2.20 supports the assertion that the changes are a result of the increase
in positive-tail probability, in contrast to the views expressed by Il-Choi et al. (2002).
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Figure 2.19: (left) Skewness, (right) kurtosis, of the streamwise velocity in the turbulent boundary layer, 10mm
downstream from the trailing edge of the oscillating plate with wall oscillation, (∆z = 70mm and
f = 7Hz), ◦; without oscillation, •. The solid line represents data obtained from Moser et al. “Direct
Numerical Simulation of turbulent channel flow up to Reτ = 590”. Choi (2002).
Figure 2.20: The weighted probability density function of streamwise velocity fluctuation with wall oscillation at
y+ = 4. dashed line: without wall oscillation and solid line: ∆z = 70mm and f = 6 Hz.
2.3.2.5 Changes in the spectrum of u
A comparison of velocity fluctuations close to the wall with and without oscillation has
been reported. The velocity fluctuations close to the wall are strongly modulated by the
wall oscillation and the spikes at the wall oscillation frequencies and its harmonics are
apparent in the spectrum of velocity fluctuations at y+ = 2, shown in figure 2.21.
Of particular interest are the views expressed by Choi (2002), also citing a work by Schoppa
& Hussain (1998), about the changes in the energy spectrum by the wall oscillation. Choi
(2002) suggest that the energy spectrum shown in figure 2.21 indicates that the velocity
fluctuations are reduced at low frequencies whereas the energy at higher frequencies is
slightly increased. In other words, Choi (2002) note that this seems to suggest a pro-
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Figure 2.21: Energy spectrum of the streamwise velocity fluctuations with wall oscillation. (x = 350mm, ∆z =
70mm and f = 7Hz), solid line; without oscillation, dashed line. Choi (2002).
motion of transfer of energy from large-scale to small-scale turbulence eddies by the wall-
oscillation. On the other hand, Choi (2002) note that Schoppa & Hussain (1998) propose a
different explanation that there is basically “less production of turbulence energy at large
scales due to suppression of the instability mechanism and increased production of small
scales due to the augmentation of a different instability mechanism”. Choi (2002) uses the
VITA technique by Blackwelder & Kaplan (1976) to analyse velocity fluctuations in order
to investigate how sweep events are modified by wall-oscillations. From the signature of
the sweep events over the oscillating wall it was found that the duration and strength
were reduced by 78% and 64% respectively. In the VITA technique, a time-dependent
signal f(t) is conditionally sampled by generating an on-off signal c(t) equal to unity at
times when f(t) is interesting, based on a set sampling criterion derived from physical
arguments, (Morrison et al., 1989). The scheme is stated as follows:
fˆ(t, T ) =
1
T
∫ t+T/2
t−T/2
f2dt−
[ 1
T
∫ t+T/2
t−T/2
fdt
]2
(2.6)
and the detection criterion is:
fˆ > VITHf2 (2.7)
where VITH is the variance threshold, T is the short-time averaging period and overbars
denote long-time averages. Morrison et al. (1989) state that the VITA averaging time T
was set to roughly twice the time taken for a 1 mm long eddy to pass the 1 mm long
hot wire hence giving the scheme a low-pass filtering effect with the same cut-off as the
expected spatial averaging of the wire. Improved techniques such as the VITA + Level
scheme of Morrison et al. (1989) were later presented to overcome some of the shortcomings
of the VITA scheme, such as the VITA’s tendency to detect only the front and back of
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a “burst” and ignore the central portion, (Morrison et al., 1989), and its tendency to be
sensitive to the values of the sampling criteria, (Morrison et al., 1989).
2.3.2.6 Changes in other turbulence quantities
Reynolds Shear Stresses
In their computational study, Jung et al. (1992) also investigated the effect of the spanwise
oscillations on the Reynolds shear stress, particularly −uv. In figure 2.22 substantial
reductions can be observed.
Figure 2.22: Reynolds shear stress distribution in a channel with cross-flow oscillations at T+ = 100 compared to
an unperturbed channel (solid line). Jung et al. (1992).
The changes from the DNS were complemented with the reductions obtained by Laadhari
et al. (1994) as shown in the plot on the right in figure 2.16. Experimentally, Ricco & Wu
(2004) presented the distribution of the Reynolds stress whose peak exhibited reductions on
the order of 25% and shifted upward from y+ ≈ 70 to ≈ 200, figure 2.23. The attenuation is
more than for the independent u and v fluctuations suggesting that the oscillation not only
attenuates turbulence but that the interaction between turbulent structures is affected.
In fact a plot of the correlation coefficient between u and v, Ruv indicates that the wall
motion not only reduced their individual magnitudes but also the coherence between them;
this is noted especially in the region affected by the Stokes layer. Production of turbulent
kinetic energy and transport of mean kinetic energy by Reynolds stresses were both shown
to have been attenuated by the wall oscillation, in agreement with the DNS of Quadrio &
Ricco (2003).
Phase averaging and the VITA technique
Choi (2002) performed a phase averaging analysis of the hot-wire time trace with respect to
the wall phase angle. Referring to figure 2.24, the wall comes to a momentary stop at phase
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Figure 2.23: Reynolds stresses profile at a streamwise location of x/δ = 6.4 scaled with uτ . The symbols are the
same used in figure 2.15. Ricco & Wu (2004).
angle θ = −pi and + = pi and is at maximum velocity at θ = −pi2 and +pi2 . The sinusoidal
dashed line in the figure represents the local spanwise velocity at y+ = 2 as obtained from
the theoretical Stokes layer solution (note that maximum amplitude is slightly smaller
than the wall velocity (given the exponential decay) and slightly lagging in phase angle θ.
The solid line represents the streamwise velocity (phase averaged) which can be seen to be
modulated by the spanwise-wall oscillation with a frequency twice the oscillating frequency
of the wall and is in phase with the rectified signal of the local spanwise velocity, Choi
(2002). The figure also shows the local mean velocity without actuation (***) and with
actuation (+++) showing its reduction.
Figure 2.24: The phase averaged signal in the turbulent boundary layer as a function of the wall phase angle θ
during a cycle of wall oscillation at y+ = 2. — Streamwise velocity; – local spanwise velocity; - - -
probability density of the sweep events; *** local mean velocity over the stationary wall; +++ local
mean velocity over the oscillating wall. Choi (2002).
Choi (2002) also performed VITA analysis on the hot-wire signal to detect sweep events.
The threshold value for the VITA was set equal to the overall standard deviation of
2.3. The Control of Turbulence 27
individual velocity fluctuation (k = 1.0). Figure 2.25 shows that the duration of the sweep
events in the turbulent boundary layer over the oscillating wall at y+ = 2 was reduced
by 78% as compared to that over the stationary wall while their strength was reduced by
64% by the wall oscillation.
Figure 2.25: Conditionally sampled and ensemble averaged signature of u-component velocity during the sweep
events in the turbulent boundary layer at y+ = 2 with wall oscillation (x = 350mm, ∆z = 570mm,
f = 6Hz), Key: with spanwise oscillation; - - - without wall oscillation; —. Skin friction signatures
∂u
∂y
during the sweep events with wall oscillation by Dhanak & Si (1999): Key: with spanwise
oscillation; — without wall oscillation. Choi (2002).
2.3.2.7 Flow visualisation
The flow visualisation images in figure 2.26 support Choi et al. (1998)’s conceptual model
of a Stokes layer interacting with a streamwise boundary layer where the mean velocity
gradient close to the wall is reduced by the creation of negative spanwise vorticity by the
oscillating surface. The direction of the vectors in figure 2.26 confirms that, irrespective
of the spanwise direction in which the plate is travelling, negative spanwise vorticity is
always created, as explained later.
The changes in alignment of streamwise vortices reduce the streamwise component of
vorticity near the wall, leading to a reduction in the intensity of streamwise vorticity
fluctuations and hence a weakening of the near-wall burst activity and a reduction in skin
friction, Choi et al. (1998).
A set of experiments where the flow-field was viewed from the end of the tunnel were
conducted by Ricco (2004) where the platinum wire was placed at y+ = 25 and the laser
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Figure 2.26: Flow visualisation of longitudinal vortices in the near-wall region of the boundary layer with an
oscillating wall (f =5Hz and ∆z = 50mm). The flow is from left to right. In photo (a) the plate is
moving upwards while in photo (b), the plate is moving downwards. Choi et al. (1998).
visualisation plane at ∆x+ = 240 downstream of the wire. Defining a lift-up motion as a
case where the bubble line reaches a threshold of y+ = 60, Ricco (2004) noted as much
as 70% reduction in such lift-up motions when spanwise oscillations were imposed. By
placing two platinum wires at heights of y+ = 5 and 45, interactions between low-speed
streaks and quasi-streamwise vortices could be observed including the low-speed fluid
lifting (bursting) and the high-speed fluid movements towards the wall (sweeping), figure
2.27. When wall oscillations were imposed, a reduced tendency for streak formation was
observed as low-speed streaks are dragged laterally and hence fewer streaks find themselves
lying between vortices to which they were originally dynamically paired. The streamwise
vortices, centred at y+ = 45 and therefore outside the Stokes layer penetration depth
(approximately 30 ν/uτ ), were not observed being dragged laterally. Ricco (2004) also
states that the near-wall transversal flow is also responsible in impeding high-speed fluid
in sweeps (identified by Il-Choi et al. (2002) as responsible for high wall-shear-stress bearing
fluid) from reaching the wall.
Il-Choi et al. (2002) provide an analysis based on a wall-normal distance parameter and
an acceleration parameter as scaling parameters. To examine the influence of the wall
oscillations on the turbulence structures close to the wall, a set of sequential pictures
of the interactions over one cycle were presented. It was found that near-wall turbulence
structures within the depth of penetration of the Stokes layer are influenced by the spanwise
oscillations whereas when these structures were not immersed within the generalised Stokes
layer, the flow-field resembled that over a stationary wall.
Figure 2.28 shows a time sequence of phase-averaged flow structures (a counter-clockwise
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Figure 2.27: End views with the platinum wires at y+ = 5 and 45. The wall is either stationary (A) or moving
(B) (T+ = 67, D+m = 360 and W
+
m = 17). The images go from top to bottom and there is 5.4t
+
between successive images. The flow direction is out of the page. Ricco (2004).
rotating streamwise vortex (surrounded by arrows), a low-speed streak (dashed contours)
and a high-speed streak (solid contours)) at y+ = 10 with the penetration depth being
14.3 in the set on the left and 22.7 in the set on the right. In both cases, flow structures
were immersed in the generalised Stokes layer and the effects of the wall oscillations on
the structures are immediately seen. As the wall rotates in a counter-clockwise direction,
its motion is coupled with that of the counter-rotating streamwise vortex and drives the
low- and high-speed streaks (dashed and solid contours respectively) to the right. The
high-speed streak intrudes beneath the low-speed streak at a variable rate (dependent on
the phase of the wall) until at pi, the wall comes to a rest and reverses direction. At 5pi/4
and 3pi/2, the high-speed streak being closest to the wall, starts to move to the left again
while the low-speed streak, being further from the wall is not affected by the wall-motion
but gets weakened as it interacts with the streamwise vortex. (At the end of the cycle,
the low-speed streak has been greatly reduced and the vortex is mainly surrounded by
high-speed streak fluid, Il-Choi et al., 2002). Certain exceptional cases have led Il-Choi
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Figure 2.28: Time sequence of conditionally averaged flow structures at y+ = 10 when the Stokes layer depth of
penetration is (a) 14.3 and (b) 22.7. Il-Choi et al. (2002). Note: the arrows indicating the direction of
rotation of the streamwise vortex are wrong in the figures - the vortex is rotating in a counterclockwise
direction.
et al. (2002) to state that the drag reduction is not only a function of the depth of influence
of the Stokes layer leading to the hypothesis of the existence of a Stokes layer acceleration
parameter. Il-Choi et al. (2002) cite earlier works by Quadrio & Sibilla (2000) working on
flow through a pipe oscillating around its axis and Orlandi & Fatica (1997) who worked on
the flow through a pipe rotating about its axis where, in comparing these two works it was
found that the oscillatory case gave an appreciably higher drag reduction. Il-Choi et al.
(2002) attributed this difference to the acceleration present in the oscillatory case study.
Rightly, it is stated that from the dynamic point of view, the existence of an acceleration
implies an inertial force on the fluid and hence a potential change of the relative position
between fluid elements in the generalised Stokes layer, Il-Choi et al. (2002).
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2.3.2.8 Proposed drag reduction mechanisms and the importance of wall ac-
celeration
An argument presented by a number of workers in the literature involves the importance
of the acceleration phase of the wall motion in the effectiveness of the control. Jung et al.
(1992) report that the reductions in turbulent Reynolds shear stress and turbulence kinetic
energy were attributed to the sudden transverse strain applied leading to fundamental
modifications in the flow structures responsible for the turbulence regeneration cycle. Jung
et al. (1992) note that “for a constant imposed spanwise pressure gradient, the reduction
in turbulence activity is only temporary, since the flow must eventually return to a new
two-dimensional state with a new orientation and a higher Reynolds number”.
In a computational study, Zhao et al. (2004) presented direct numerical simulations of a
turbulent flow in a channel where one of the walls was flexible and could execute in-plane
motions. Along the same reasoning of Du et al. (2002), Zhao et al. (2004) class the work
as an open-loop vorticity-creation control.
Figure 2.29: In-plane movements of the wall: dilatations and compressions. Figure based on Zhao et al. (2004).
Through arguments about boundary vorticity flux, Zhao et al. (2004) show that the near-
wall body force used in, for example, Du et al. (2002), fz = Ife−
(y+h)
∆ sin (kz − ωt), where
k = 2piλz and ω =
2pi
T , can be replaced by other sources of boundary vorticity flux. They
argue that this body force is a two-fold source of vorticity: one is an interior source of
streamwise vorticity ωx with maximum strength
If
∆ , where ∆ is the penetration depth:
∂ωx
∂t
+ u∇ωx − ω∇u = −If∆ e
− (y+h)
∆ sin (kz − ωt) + ν∇2ωx (2.8)
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whereas this body force also contributes to the boundary vorticity flux:
σ ≡ νn · ∇ω = ν ∂ω
∂n
(2.9)
(where n is the unit vector at the boundary pointing out of the fluid), through the no-slip
condition at the wall, Wu & Wu (1996).
The boundary vorticity flux is given by Wu & Wu (1996) as,
σx = −ν ∂ωx
∂y
= −az + fz − 1
ρ
∂p
∂z
(2.10)
σz = −ν ∂ωz
∂y
= ax − fx + 1
ρ
∂p
∂x
. (2.11)
In investigations related to active flow control by wall deformation, Koberg (2007) and
Dearing et al. (2007) develop these arguments further and apply them, in a computational
model and experimentally, respectively. Zhao et al. (2004) argue that the relative impor-
tance of the body force being either interior or a boundary source lies in a measure based
on the depth of penetration: ∆. In Du et al. (2002), ∆+ varies between 1.5 and 15, i.e.
confined to a region close to the wall: this led Zhao et al. (2004) to argue that the body
force is mainly a boundary source introducing streamwise vorticity into the flow. Hence
it could be argued that the body force could be replaced by other source terms in equa-
tions 2.10 and 2.11. These other terms include a pressure gradient and a wall tangential
acceleration (and also a viscous curvature effect in the case of curved walls).
This led Zhao et al. (2004) to implement a tangential wall acceleration in the form shown
in figure 2.29. The simulations were carried out at Reτ = 180, for a period T+ = 50
and λz = 1. The time history of drag reduction, the r.m.s. velocity components distri-
bution, the r.m.s. vorticity components distribution and flow visualisation of streamwise
velocity at y+ = 5, (figure 2.30), all exhibit the same trend as data obtained in Du et al.
(2002), in which, the control was a travelling wave of Lorentz body force rather than wall
motion. Zhao et al. (2004) recognise that the “control effect is due to wall acceleration
while the input power is proportional to the wall velocity” and that “. . . the optimal
wave pattern should minimise the wall velocity (more precisely wωx) but maximising wall
acceleration...”.
In plots of the instantaneous skin friction, it is evident that the spanwise-travelling wave
greatly regularises the skin friction field while the instantaneous two-dimensional vector
fields of tangent components of boundary vorticity flux, (σpi = σxex + σzez) still exhibits
quite strong randomness. Here Zhao et al. (2004) hypothesise that the advantage and po-
tentially smaller power consumption of open-loop control compared to closed-loop control
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Figure 2.30: left: Uncontrolled and right: Controlled streamwise velocity contours at y+ = 5. Zhao et al. (2004).
Figure 2.31: Streamwise averaged transverse velocity profiles of controlled flow at different times in the generalised
Stokes layer. Zhao et al. (2004).
is that, in the former, it was seen that eliminating the chaotic behaviour of the skin-friction
field but still tolerating a certain level of fluctuation (as seen in the controlled σpi field) was
enough to lead to drag reduction whereas in the latter, they claim that the requirement
is often the regularisation of the boundary vorticity flux through complete elimination of
fluctuations. While the latter assumption may be inaccurate (especially since the idea
behind closed-loop control is to minimise power consumption), the main argument that
tolerating a certain level of fluctuations still leads to a substantial reduction in drag still
holds.
From cross-sectional plots of instantaneous streamwise vorticity contours, Zhao et al.
(2004) note that the spanwise travelling wave, through the generation of boundary vor-
ticity flux by local wall accelerations, leads to a suppression of the streamwise vortices,
replacing them with relatively less chaotic fluid. Figure 2.31 shows streamwise-averaged
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transverse velocity profiles against normal distance y from the wall which Zhao et al. (2004)
call a generalised Stokes layer in the sense that the classic Stokes layer does not consist of
travelling waves. In the absence of the streamwise vortices, the streaks are hence lessened.
Supporting the importance of the acceleration, Akhavan et al. (1993) analysed the dynam-
ics of the turbulence structures in the controlled flow and claimed that it is the continuous
relative shift between the near wall streamwise vortices and the streaks that leads to a
breakdown in the turbulence regeneration cycle. The oscillatory nature of the control pre-
vents the turbulence from ever reaching an equilibrium state, of “a new two-dimensional
state with a new orientation and a higher Reynolds number”.
Further support for the acceleration hypothesis came from Le et al. (2000) who reported
that a small reduction - of the order of 10% - was observed for a very short time of
t+ ≈ 50 when a wall was impulsively set in constant spanwise motion after which the
three-dimensional skewing decays rather quickly and the three-dimensional boundary layer
attains a new equilibrium. Quadrio & Ricco (2003) state that the oscillation of the wall
(with a period of similar timescale) prevents the boundary layer from ever reaching the
new equilibrium, positively affecting the turbulence regeneration cycle.
A slightly different hypothesis, (which still requires the continuous shifting and forcing that
an acceleration phase would introduce) suggests that the wall motion drags sideways tur-
bulent structures residing close to the wall. For example, Laadhari et al. (1994) associate
the drag reduction with a modification of the interaction between longitudinal vortices and
low-speed streaks. The streamwise vortices are dragged in the spanwise direction causing
them to interact differently with streaky structures. Laadhari et al. (1994)’s hypothesis is
based on the widely accepted explanation of events in the turbulence regeneration cycle
(e.g. Robinson, 1991; Gad-el Hak et al., 1998) where in an undisturbed 2D flow, stream-
wise vortices are positioned in such a way as to pump low-speed fluid from low-speed
streaks away from the wall and splash high speed fluid (from regions away from the wall)
towards the wall. In fact, the large streamwise wall shear stress on the downwash side of
streamwise vortices can be explained by this mechanism as the ‘splashed’ high speed fluid
is slowed down by the wall. Laadhari et al. (1994) believe that such a pattern is disrupted
as the spanwise flow shifts streamwise vortices laterally and causes them to start pumping
high-speed fluid away from the wall and low-speed fluid towards it, enhancing mixing and
weakening the intensity of streaks. This view is, in some ways, similar to that expressed
by Ricco (2004) but differs in others; the two views agree that certain turbulent structures
are being shifted relative to each other, but while Laadhari et al. (1994)’s view is that
the streamwise vortices are dragged in the spanwise direction, in Ricco & Wu (2004)’s
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work, the low-speed streaks residing within y+ = 15 were under the influence of the Stokes
layer and hence dragged in the spanwise direction while the streamwise vortices, typically
centred at y+ = 45 (or reside at heights y+ > 20) were out of the Stokes layer influence.
Yet a different theory was presented by Berger et al. (2000) where it was asserted that the
drag-reducing mechanism in their experiment was due to the effect of the mean spanwise
shear on the near-wall streamwise vortices. Streamwise vortices with opposite sign of shear
to that introduced by the spanwise forcing are suppressed while others with the same sign
survive, only to be suppressed when the wave travels in the opposite direction, hence
creating an oppositely signed mean spanwise shear. It is not clear from this description
whether the near-wall streamwise vortices of the same sign as that introduced by the
spanwise forcing are strenghtened further, and the consequence of this effect.
Figure 2.32: Spanwise velocity profiles over oscillating wall: (a) Wall moves ‘upwards’ into negative z ; (b) Wall
moves ‘downwards’ into positive z.
Choi (2002) presented a conceptual model to explain the changes in the near-wall turbu-
lence structure. The theory is supported by the flow visualisation images shown in figure
2.26. This is best explained with reference to figure 2.33. As the wall moves towards
negative z, positive (counter-clockwise) streamwise vorticity is created. This streamwise
vorticity vector comes under the influence of the boundary layer negative (clockwise) span-
wise vorticity causing its ‘head’ to dip down towards the wall and its ‘tail’ to move away
from the wall. This brings the head under a larger spanwise velocity influence than the tail
causing the streamwise vorticity vector to tilt in the x,z -plane. Now since the vorticity vec-
tor is tilted, it can be split into two components, streamwise and spanwise. The spanwise
component is negative (i.e. clockwise). On the other hand, when the wall moves towards
positive z, negative (clockwise) streamwise vorticity is created. This streamwise vorticity
vector again comes under the influence of the boundary layer negative (clockwise) spanwise
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vorticity causing, this time, its ‘tail’ to dip down towards the wall and its ‘head’ to move
away from the wall. This brings the tail under a larger spanwise velocity influence than
the head causing the streamwise vorticity vector to tilt again in the x,z -plane. By splitting
the vorticity vector into streamwise and spanwise components, it is seen that the spanwise
component is again negative (i.e. clockwise). Hence, irrespective of what direction the wall
is travelling, negative spanwise vorticity is always being generated. This interacts with
the mean velocity gradient of the flow reducing it close to the wall and increasing it in
the logarithmic region as shown in figure 2.34. Choi (2002) also states that the stretching
of the quasi-streamwise vortices is hampered and so the near-wall turbulence activity is
weakened as a result of this reduction in streamwise velocity.
Figure 2.33: Schematic explaining the conceptual model by Choi (2002) how negative (clockwise) vorticity is
created in the turbulent boundary layer during both negative and positive z-direction movement of
the spanwise-wall oscillation. SVV is short for Streamwise Vorticity Vector.
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Figure 2.34: Conceptual model for a turbulent boundary layer over an oscillating wall showing a negative spanwise
vorticity Ωz created by the periodic Stokes layer. Choi (2002).
2.3.2.9 Transverse travelling vs. transverse oscillating forcing
Du et al. (2002) have numerically investigated the difference between the effects of the
spanwise oscillating forcing compared with the spanwise travelling forcing. With reference
to figure 2.35, although the turbulence statistics for the resulting flow-field when controlled
by spanwise oscillating waves and spanwise travelling waves are similar, the near-wall
structures appear to be different:– in the case of travelling wave excitation, the streaks
disappear and are replaced with a wide ‘ribbon’ of low-speed fluid, whereas in the case
of spanwise oscillatory excitation, there is still the clear presence of wall streaks albeit
inclined to the streamwise direction.
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Figure 2.35: The difference between (b) transverse travelling forcing and (c) transverse oscillating forcing compared
to the (a) no-control case, as seen through the instantaneous flow visualisations of wall streaks. Blue
colour indicates low-speed streaks and yellow-red, high speed streaks, Du et al. (2002).
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2.3.2.10 Control for maximum drag reduction vs. control for net energy
saving
Quadrio & Ricco (2004) reported direct numerical simulations to study the turbulent
wall-shear stress in a turbulent channel flow over spanwise-oscillating walls. At a Reynolds
number Reτ (based on uτ and h, the channel half height) of 200, a maximum drag reduction
of 44.7% was reported. Net positive savings (assuming an efficiency of 100% in driving
the wall) were shown to be possible with a maximum net energy saving of 7.3%.
A plot of percentage friction-drag reduction, defined by Quadrio & Ricco (2004) as 100×
Cf,0−Cf
Cf,0
where, Cf = 2τx/ρU2b , and the subscript 0 denoting the no-control case, versus
the non-dimensional period of wall-oscillation T+ and maximum oscillating-wall velocity
W+m is shown in figure 2.36.
Figure 2.36: A plot of the percentage friction-drag reduction, defined here by Quadrio & Ricco (2004) as 100 ×
Cf,0−Cf
Cf,0
where, Cf =
2τx
ρU2
b
, versus the non-dimensional period of wall-oscillation T+ and maximum
oscillating-wall velocity W+m . The size of the grey circles is proportional to the percentage drag
reduction with the numerical value reported inside. The hyperbolae are curves of constant maximum
non-dimensional displacement D+. The dashed line is the curve of optimum period (for maximum
drag reduction) at fixed displacement, as explained further down. A maximum drag reduction of
44.7% was reported for W+m = 27 and T
+ = 100. Quadrio & Ricco (2004).
From figures 2.36 and 2.37 it is noted that for a fixed W+m , i.e. moving horizontally across
the plot, maximum drag reduction can be attained if T+ is kept in the range of 100-125.
On the other hand, if the period of oscillation is kept fixed, i.e. moving vertically across the
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plot, drag reduction is observed to increase monotonically with W+m . The non-dimensional
maximum wall velocity W+m , period of oscillation T
+ and peak-to-peak wall displacement
D+m are related through W
+
m =
piD+m
T+
.
Figure 2.37: (a) Percentage drag reduction, defined here by Quadrio & Ricco (2004) as 100 × Cf,0−Cf
Cf,0
where,
Cf =
2τx
ρU2
b
as a function of period T+ for different values of W+m . Open symbols are comparable data
from other researchers where diamonds represent W+m = 12 and squares represent W
+
m = 4.5. (b)
Percentage drag reduction as a function of maximum wall velocity W+m for different values of T
+.
Open symbols are comparable data from other researchers where circles represent T+ = 100 and
triangles represent T+ = 200. Quadrio & Ricco (2004).
The power input required to move the wall laterally against the transverse wall shear stress
was also calculated. Net positive energy savings, (assuming a transmission efficiency of
100%) were found in a region of low maximum wall velocity W+m and optimum range of
T+ = 100− 125 as shown in figure 2.38.
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Figure 2.38: A plot of the net energy saved versus T+ and W+m . The size of the grey circles is proportional to the
percentage net energy saved with the numerical value reported inside. Quadrio & Ricco (2004).
A subtle, but very important, aspect of the experimental setups adopted in the past for
spanwise oscillating plates which differs from the DNS methods was that in crank-driven
plates, it was easier to maintain a constant amplitude of oscillation and vary the frequency.
Referring to the plot in figure 2.36, this means following one of the hyperbolae from right
to left as frequency of oscillation is increased. For such method of experimentation, the
optimum period for drag reduction is indicated by the dashed line on the left of the figure.
While this is the optimum period for drag reduction, it is not the optimum for energy
saving, the latter being between T+ = 100− 125 as shown in figure 2.38. This last point
has been confirmed experimentally by Ricco & Wu (2004). In their experiment the wall
amplitude was kept constant and the period was varied. It is noted that drag reduction
strongly depends on T for a fixed displacement Dm, increasing as T+ decreases to 40 or 50.
For high values of T+, the amount of drag reduction is lower as the Stokes layer grows to
such an extent that it starts to also drag laterally the streamwise vortices. As confirmed
by Quadrio & Sibilla (2000) and Quadrio & Ricco (2004), the optimum T+ for fixed D+m
is lower than the optimum T+ for fixed W+m (which is T
+ ≈ 120 and does not depend on
W+m , (figure 2.36)).
2.3.2.11 Evolution of the control with streamwise distance and time
The very first indication of any transient in this method of control was suggested by Jung
et al. (1992) and Akhavan et al. (1993) where a temporal transient of the mean shear with
time was presented from their DNS as shown in figure 2.39.
Choi et al. (1998) were the first to give an experimental picture of the streamwise variation
of the skin friction coefficient as shown in figure 2.40. It was reported that the skin friction
coefficient began to reduce at a streamwise position about two boundary layer thicknesses
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Figure 2.39: Time evolution of the streamwise wall shear stress subsequent to the start of the oscillations at various
frequencies. All cases besides the one marked (100,W), involve the superposition of a spanwise cross-
flow with specified flow-rate per unit width 0.8Qx sinωt on the base turbulent flow. Here Qx is the
streamwise flow rate per unit width. The curve labelled (100,W) represents a case where the wall
was moved at a spanwise velocity of Wwall = 0.8
(
Qx
2h
)
sinωt. Akhavan et al. (1993).
upstream of the leading edge whereas the maximum level of drag reduction, close to
45%, was reached close to the centre of the oscillating section, within five boundary layer
thicknesses from the leading edge. Two boundary layer thicknesses downstream of the
trailing edge of the oscillating section, a 20% reduction was still measured. It is noted
that Cf starts to decrease before the leading edge and starts to increase again before the
trailing edge of the plate. This suggests that the change in surface condition is being
communicated upstream, an effect which can occur through either viscosity or pressure.
Figure 2.40: Streamwise variation of the skin friction coefficient Cf over the oscillating surface (f =5Hz and ∆z =
50mm) normalised by the skin friction coefficient for the case without oscillation. A streamwise
position of 0mm indicates the leading edge of the 500mm long oscillating section. Choi et al. (1998).
Since the streamwise variation of skin friction shows only a narrow region over which it
attains a value close to its minimum, Choi et al. (1998) express doubt whether the length
of the oscillating section was long enough for the turbulence structures to reach a new
equilibrium state with the spanwise oscillation. Using simple arguments to compare the
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temporal transient of Jung et al. (1992) with the spatial transient in this work, Choi et al.
(1998) used a convection velocity in the near wall-region of the boundary layer of one-third
of the free-stream velocity and noting that the peak was reached at a streamwise distance
of x =0.25m, a time of t+ = 170 was obtained. This is much shorter than the t+ = 500
reported by Jung et al. (1992) to reach maximum drag reduction in their DNS.
Figure 2.41: Drag reduction as a function of streamwise coordinate for T+ = 67, D+m = 240 and W
+
m = 11.3 (white
circles) while black circles indicate data from other researchers at similar conditions. The data were
measured at a streamwise station x/δ = 6.4 which is about double the length of the initial spatial
transient for the specific conditions. The streamwise coordinate was measured from the oscillating
plate’s leading edge (i.e. x/δ = 0). The oscillating plate’s trailing edge is at x/δ = 10. Ricco & Wu
(2004).
Ricco & Wu (2004) present a plot of the experimental streamwise variation of the drag
reduction from the leading edge of the oscillating wall to some distance downstream of
the trailing edge, figure 2.41. It is seen that the turbulent flow quickly adjusts to the
new conditions and within one boundary layer thickness the wall shear stress reduction
is already at 17%. Drag reduction reaches 23% at x/δ = 3 and 24% between x/δ = 3
and 4. Downstream of the trailing edge of the oscillating wall, a smooth decrease in drag
reduction was observed. It is here noted that the decrease in drag reduction downstream
of the plate is twice as rapid as the increase at the leading edge. Ricco & Wu (2004) state
that this behaviour prevents the design of a more efficient way for generating such a drag
reduction mechanism, namely having spanwise oscillating belts with streamwise stationary
gaps in between adjacent belts which would lead to less power spent in moving the wall.
On the other hand, Quadrio & Ricco (2003) present a DNS where the main interests of
study were the early stages of the motion after the start of the oscillations when the fully
developed flow has not yet been established. The Reynolds number of the flow studied is
Reτ = 200. Short transients, i.e. t+ = O(10) - much shorter than the time required for the
flow to adapt to its new conditions - were considered first. Two sets of experiments were
44 Chapter 2. Turbulence and its Control
carried out: in one case, maximum wall velocity W+m was kept constant and oscillation
period T+ was varied; in the other case, T+ was kept constant at 125 and W+m was varied.
In both sets of experiments it was noted that there is a time delay between the start of the
oscillations and when the drag reduction starts to be noted, see figure 2.42. Such a delay
was attributed to the vertical distance over which the spanwise shear stresses generated
by the wall oscillations have to diffuse before any effect appears.
Figure 2.42: The early time history of the longitudinal shear stress τ+x at (a) different periods (keeping W
+
m
constant at 18) and (b) different maximum wall velocities (keeping period constant at T+ = 125).
Quadrio & Ricco (2003).
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Figure 2.43: Long time history of the longitudinal shear stress τ+x at (a) different periods (keeping W
+
m constant
at 18) and (b) different maximum wall velocities (keeping period constant at T+ = 125). Quadrio &
Ricco (2003).
Quadrio & Ricco (2003) also present long-term transient bahaviour of the flow for which
the flow reaches a quasi-steady equilibrium condition. Referring to figure 2.43, the drag
reduction shows a slight dependence on T+ for t+ = O(100), while later, the curves settle
down to their long-term drag reduction values. On the other hand, the drag reduction is
strongly affected by the maximum velocity: the value of maximum drag reduction appears
to increase with W+m but the time required for the flow to adapt to the new flow conditions
also appears to increase withW+m . Quadrio & Ricco (2003) state that the transient distance
can double if W+m doubles. The spatial counterpart of this transient, i.e. the streamwise
distance from the leading edge of the oscillating surface required for the local friction to
decrease to a steady level has not been widely considered. As noted by Quadrio & Ricco
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(2003), Choi et al. (1998) had measured local friction versus streamwise distance but for
a single W+m only. Therefore they did not find any relationship between W
+
m and length of
the spatial transient. The implication of such a dependence of transient length on W+m on
experiments is that, for the highest value of drag reduction to be captured, the measuring
probe needs to be positioned further downstream with increasing values of W+m . Hence it
is seen that the spanwise flow re-adjusts to the new flow condition within one period of
oscillation and is therefore dependent on T+. On the other hand, the longitudinal flow
adjusts in a temporal (or spatial) transient dependent on the period T+ and more strongly
on W+m .
Assuming a typical convection velocity of 10uτ , a transient time can be converted into a
spatial transient length, (Quadrio & Ricco, 2003). Converting the transient time observed
in figure 2.43 for W+m = 6 (same W
+
m chosen by Choi et al. (1998)), a transient length
of 2000 to 4000 viscous lengths was obtained in agreement with the transient distance
reported by Choi et al. (1998). Quadrio & Ricco (2003) claim that according to these
findings, in the works of Laadhari et al. (1994), Choi (2002) and Choi et al. (1998) drag
reduction measurements were not conducted sufficiently downstream of the oscillatory
plate leading edge for the readings to be outside the spatial transient region.
Figure 2.44: Long-term variation of longitudinal wall shear-stress for W+m = 18 and T
+ = 125. Quadrio & Ricco
(2003).
Figure 2.44 shows the variation with time of the longitudinal wall shear stress τ+x . Com-
pared to other turbulence statistics reported in figure 2.45, it is noted that the local
minimum for τ+x occurs at a later time than the local minima of other statistics.
In the first two plots in figure 2.45 it is observed how the regions closest to the wall
are affected almost immediately as opposed to the rest of the channel where effects are
observed after two cycles. Quadrio & Ricco (2003) explain how the maximum value of the
distributions quickly relocates to higher values of y+, i.e. further from the wall as a result
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Figure 2.45: Variation with time of the wall-normal distribution of urms, vrms and wrms. The oscillation period
is T+ = 125. Quadrio & Ricco (2003).
of the thickening of the viscous sublayer. The figures indicate a non-monotonic response
towards the steady-state values in the same fashion as the wall shear stress.
Figure 2.46: Variation in time of the Reynolds stress component −uv. Quadrio & Ricco (2003).
From figure 2.46 it is evident that the Reynolds shear stress −uv first diminishes by
about 70% and then recovers to a long-term value of 45%. Such a reduction is also
evident from figure 2.47 (a) which shows twice the turbulent kinetic energy production
term Puu = −2uv ∂U∂y . Figure 2.47 (b) shows (twice) the production term Pww = −2vw ∂W∂y .
In agreement with figure 2.45c, the wrms fluctuations, start from a value of zero (when the
wall is stationary, in the absence of vw), reach an intense peak in response to the sudden
start of the oscillations and then diminishes again as the flow reaches its new steady-state.
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Figure 2.47: Evolution in time of the turbulent kinetic energy production term, left) Puu and right) Pww. Quadrio
& Ricco (2003).
2.3.2.12 Scaling
The search for a variable that is a function of the oscillation parameters to which the
amount of drag reduction uniquely relates has been the subject of a number of works in
literature. Following work by Il-Choi et al. (2002) - where starting from the Stokes solution,
a scaling parameter was constructed by combining the local spanwise acceleration of the
Stokes layer and a wall normal length scale `+ representative of the penetration depth of
the Stokes layer. The analysis was taken a step further by Quadrio & Ricco (2004). Here,
the reasoning behind the analysis is reported by taking major results from both Il-Choi
et al. (2002) and Quadrio & Ricco (2004).
The solution to the Stokes second problem is given by:
w+(y+, t+) = W+m exp
(
− y+
√
pi
T+
)
· sin
( 2pi
T+
t+ − y+
√
pi
T+
)
. (2.12)
The oscillation envelope is given by equation (2.12) without the sine term, i.e.
w+(y+, t+) = W+m exp
(
− y+
√
pi
T+
)
. (2.13)
Now relating `+ to a threshold velocity W+th, (W
+
th is representative of the value of typical
spanwise turbulent fluctuations - for the Stokes layer to have effect on the turbulent struc-
tures, the maximum spanwise velocity at y+ = `+ must be greater than W+th) equation
(2.13) can be written and re-arranged as:
`+ =
√
T+
pi
· ln W
+
m
W+th
. (2.14)
Also, the maximum spanwise acceleration a+m during a cycle at a distance y
+ from the
wall is obtained by differentiating equation (2.12) with respect to time giving:
a+m =
2pi
T+
W+m · exp
(
− y+
√
pi
T+
)
. (2.15)
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Based upon their own measurements, Il-Choi et al. (2002) chose specific values for W+th
(leading to a specific value for `+) and for a+m and then went on to unite the two parameters
`+ and a+m into one group and also include the effect of Reynolds number. The resulting
parameter S+ was found to be in good correlation with the drag reduction data. Following
on these lines, Quadrio & Ricco (2004) also united the two parameters `+ and a+m into one
group as shown in equation (2.16).
S+ =
a+m`
+
W+m
= 2
√
pi
T+
· ln
(W+m
W+th
)
· exp
(
− y
√
pi
T+
)
. (2.16)
They noted that the relationship given by (2.16) behaves in a similar fashion as the data
given in figures 2.36 and 2.37 in that it goes to zero when T+ = 0 and T+ → +∞ and
has a logarithmic behaviour when W+m → +∞. Quadrio & Ricco (2004) systematically
changed y+ and W+th until a good correlation coefficient between the drag-reduction data
and the scaling factor S+ was obtained. Figure 2.48 shows drag-reduction data from figure
2.36 against the parameter S+.
Figure 2.48: Drag reduction data (percentage friction-drag reduction, defined here by Quadrio & Ricco (2004)
as 100 × Cf,0−Cf
Cf,0
where, Cf =
2τx
ρU2
b
) from figure 2.36 versus the parameter S+. The empty circles
represent data for T+ > 150. Quadrio & Ricco (2004).
The two parameters y+ and W+th are estimated to be 6.3 and 1.2 respectively. W
+
th is
representative of typical values of spanwise turbulent fluctuations and from the physical
significance of the friction velocity uτ , a non-dimensional value ofW+th close to 1.0 is correct.
Furthermore, differentiating equation (2.16) with respect to T+ keeping W+m constant, i.e.
∂S+
∂T+
|W+m , a maximum is found (this corresponds to finding the maximum of the plots in
figure 2.37 (a)). If an optimum T+ of 125 is used, then y+ = 6.3 showing that the value
obtained by optimising the correlation between S+ and the drag reduction data is correct.
Quadrio & Ricco (2004) noted that the parameter S+ gives good correlation with drag
reduction for data with T+ < 150, as clearly shown in figure 2.48. They explain this by
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noting that at high values of T+, the near-wall turbulence dynamics become decoupled
from the wall oscillation. Quadrio & Ricco (2004) cite a characteristic time-scale repre-
sentative of the “longest-lived and statistically significant turbulence structures” which
for the Reynolds number being used was calculated to about 60 viscous time units. This
indicates that, as long as the typical interaction time between the oscillating wall and the
near-wall turbulence structures, (T
+
2 ) is shorter than the typical longitudinal lifetime of
the structures, the drag reduction is well correlated with the parameter S+. Quadrio &
Ricco (2004) go on to state that if T+ is too long, the turbulence structures “have enough
time to develop their inner dynamics between successive sweeps of the transversal Stokes
layer and enough time is allowed for the near-wall turbulence to re-adapt to its natural
equilibrium state thus restoring the unperturbed value of friction drag”. This is very much
in agreement with the observation by Bradshaw & Pontikos (1985) that “it is the rate of
change of ∂W/∂y that affects the eddy structure”.
Il-Choi et al. (2002) report direct numerical simulations of channel and pipe flows with
spanwise (or circumferential) wall oscillations at a number of values of the Reynolds num-
ber, Reτ = 100, 200 and 400 for channel flow and Reτ = 150 for pipe flow. As noted by
Quadrio & Ricco (2004), the question of whether the drag-reduction properties of the os-
cillating wall can be exploited in high-Re flows still requires a definitive answer. Table 1 in
Il-Choi et al. (2002) reports percentage drag reductions for three different Reτ , reproduced
here in figure 2.49. Of concern is the observation from this table that, for a particular
Figure 2.49: Percentage drag reduction with different A+ and T+ for different Reynolds numbers. RLM indicates
relaminarisation of the flow. Il-Choi et al. (2002).
oscillating period T+ and maximum wall velocity A+, increasing the Reynolds number
Reτ from 100 to 200 and to 400, causes a decreased drag reduction: such a result raises
the question whether such control would still be effective at higher Reynolds numbers.
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While recognising that the non-dimensional period of wall oscillation, T+, is an important
parameter when it comes to optimising the oscillatory motion for turbulent drag reduction,
Choi (2002) also emphasises the importance of the spanwise peak-to-peak amplitude Dm
(or ∆z as given in Choi, 2002). Combining these two parameters, a non-dimensional
transverse wall speed is obtained from W+ = piD
+
m
T+
or from W+ = (
∆z
2
)ω
uτ
. The amount of
skin friction reduction exhibits a good correlation with the non-dimensional spanwise-wall
non-dimensional velocity W+ as shown in figure 2.50.
Figure 2.50: Turbulent skin friction reduction by spanwise-wall oscillation as a function of the non-dimensional
wall velocity: •, Choi et al. (1998); ◦, Laadhari et al. (1994) and 2, Jung et al. (1992). from Choi
(2002).
Figure 2.51: Drag reduction as a function of T+ for different Reθ. Ricco & Wu (2004).
Ricco & Wu (2004) investigated the dependence of the amount of drag reduction on the
Reynolds number by carrying out the experiments at three Reynolds numbers Reθ = 500,
950 and 1400. The lateral amplitude of oscillation of the wall was nearly equal in all cases
at D+m ≈ 200. Figure 2.51 shows the values of skin friction reduction as a function of the
period T+ and at different Reynolds numbers. From the figure, it does not appear that
there are significant effects of Reynolds number on the amount of drag reduction for the
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same values of T and Dm. Data from other researchers have appeared to be in agreement
with the distribution in figure 2.51. In contrast to this, the data from Il-Choi et al.
(2002) has shown a strong dependence on Reynolds number as explained in figure 2.49
and the accompanying explanation. Such disagreements show that the Reynolds number
dependence is still an important issue to be resolved.
2.3.2.13 Methods of quantifying the drag reduction
In experimental studies on spanwise oscillating wall control techniques, the main reported
method of determining the friction drag reduction is through observing the change in
the wall-normal gradient of the mean streamwise velocity. While this is an acceptable
method, it relies on the assumption that the mean streamwise velocity in the sublayer (i.e.
say within y+ = 6) remains linear upon actuation. This assumption is necessary to be
able to fit, say, a least-squares linear fit between the origin of the profile (0,0) and the first
measurement (e.g. hot wire or LDV) above the oscillating wall. For hot wires, this first
measurement is likely to be at a height of between y+ = 3 or 4 below which heat conduction
from the hot wire to the underlying wall makes measurements unreliable. Fernholz et al.
(1996) report the use of techniques, such as the surface fence, wall hot wire and wall pulsed
wire, to measure skin friction from velocity measurements carried out in the sublayer in
flows with favourable pressure gradients and three-dimensional flows. Hutchins & Choi
(2002) assume the implication that linearity in this near-wall region is preserved. Hutchins
& Choi (2002) cite a work by Azad & Burhanuddin (1983) who claimed that the ‘sublayer
next to the wall exists in all flows (i.e., with different types of pressure gradient) and
the velocity in this region is linear.’ Hutchins & Choi (2002) conclude that it is safest to
assume that linearity is preserved only for flows of moderate three dimensionality, pressure
gradient and surface roughness for which extreme cases the near-wall linearity may break
down. Morrison (private communication) noted that a linear approximation in the form
of u = a1y + a2y2 + ... can always be made.
Another method to measure the friction drag and its reduction is that used by Breuer
et al. (2004) where a spanwise travelling Lorentz force actuator in a water-tunnel was
mounted on a plate suspended from wires attached to a platform above the water tunnel.
This provided a floating-element direct method of measuring the friction drag as shown
in figure 2.52. The hanging plate was allowed to move under the force of the fluid shear
stress. This suspended surface was made heavy enough that turbulent fluctuations in
drag are damped out and the entire plate deflected only under the mean fluid shear. No
reference is made, however, to the effect of the pressure drop between the front and back
faces. The motion of the plate was measured by an optical displacement transducer. The
system was calibrated in two stages; first, with no flow in the facility, known forces were
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applied to the plate and the resulting displacement measured and then the system was
tested by measuring the displacement (and hence the shear force) at different centreline
water speeds, with the results reported to compare very well with standard correlations for
turbulent skin friction. A sensitivity of 0.01N or 2% of the mean drag force was reported.
Figure 2.52: Schematic of the flow facility used by Breuer et al. (2004), showing the accumulation and collection
tanks, development section, hanging test plate, and return flow path. Breuer et al. (2004).
2.3.2.14 Minimum conditions for drag reduction
Ricco & Quadrio (2007) briefly addressed the issue of the minimum conditions required
for the attainment of a friction drag reduction by spanswise oscillating wall in a channel.
Referring to figure 2.48, Ricco & Quadrio (2007) note that the regression line crosses the
abscissa at a value of the parameter S+ > 0 implies that the wall needs to oscillate with
a minimal displacement (or velocity). Figure 2.53 shows contours of drag reduction as a
function of the main oscillation parameters, Wm+, T+ and Dm+. It was reported that the
minimum spanwise oscillation amplitude required for drag reduction is approximately 70
wall units which is on the same order as the streak mean spacing of 100 uτν as reported
in literature. This is in agreement with Baron & Quadrio (1996)’s assertion that for drag
reduction, the structures nearer the oscillating wall need to be sufficiently swept laterally,
with Laadhari et al. (1994)’s hypothesis that quasi-streamwise vortices are shifted laterally
by at least the half-streak spacing, 50 uτν so that they will start pumping low speed-fluid
towards the wall from low-speed streaks. This also supports the hypothesis of Ricco
(2004) who suggested the breakdown of feedback mechanisms between the streaks and
quasi-streamwise vortices they are originally coupled to, by a spanwise shift of, at least,
the streak-spacing.
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Figure 2.53: Contours of the amount of drag reduction as function of W+m and T
+ (top) and D+m and T
+ (bottom).
Darker colours indicate higher drag reduction and contour increments are from zero (thick lines) by
5%. Ricco & Quadrio (2007).
2.4 Summary
This literature survey has shown that for a range of conditions, at least at this order of
magnitude of Reynolds number, a reduction in skin friction could be attained by spanwise
oscillations of the surface underlying the turbulent boundary layer. A non-dimensional
period of T+ = 100 was identified to yield maximum drag reduction for systems where
the surface oscillation frequency could be kept constant and the spatial amplitude varied.
At this fixed optimum period, increasing the spatial amplitude of oscillation led to greater
values of drag reduction. This increase in drag reduction was shown to be consistent with
both a larger spanwise acceleration (and hence larger spanwise body force) and larger
spanwise dragging of near-wall turbulent structures introduced by the increasing oscillating
surface spatial amplitude. The drag reduction was typically made evident by analysis of
the near-wall mean velocity gradient as well as through changes to the r.m.s. velocity
profile and the probability distribution function, skewness and kurtosis of the fluctuating
component. A spatial streamwise transient for the effect of the oscillations on the flow
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was reported. A number of minimum conditions required for surface oscillation in order
to achieve drag reduction were identified.
Chapter 3
Electroactive Polymers
“Dielectric elastomer, in particular, is a type of electroactive polymer that has demonstrated
large strains, fast response, high efficiency and other characteristics that suggest that it
may have wide applicability to actuators.”, Pelrine et al. (2001).
In the last few decades, in response to the need of new actuators for various small-scale ap-
plications, Electro-Active Polymers (EAP) have been investigated as compliant, versatile,
low density and low cost materials, Carpi et al. (2003). Dielectric Elastomer Actuators
(DEA), one particular class of EAP, based on the field-induced deformation of elastomeric
polymers with compliant electrodes, have been demonstrated to be able to produce larger
strains than those obtainable with different types of EAP as well as considerable stresses,
fast response times on the order of microseconds and high electromechanical efficiency
with energy recovery as high as 90%, Carpi et al. (2003), Pelrine et al. (2001).
Such promising performance has been exploited and led to numerous tentative applica-
tions including artificial muscles for robots, e.g. inch-worms for pipe inspections and
artificial faces which emulate human expressions (e.g. smiling) for the movie industry, lin-
ear actuators, diaphragm actuators for pumps and speakers, refreshable Braille systems,
flow-control devices such as dimples, and optical devices to name a few.
3.1 Aspects of Dielectric Elastomers
3.1.1 Principle of operation: the dielectric elastomer actuator mecha-
nism
The basic principle of operation of a dielectric elastomer actuator is shown in figure 3.1. An
elastomeric film – the dielectric medium – is sandwiched between two electrically conduc-
tive, compliant electrodes, Pelrine et al. (1997). This leads to the principle of a compliant
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capacitor, made from (ideally) an incompressible and highly deformable elastomeric ma-
terial with electrodes which are compliant (i.e. do not mechanically stiffen the dielectric
medium) with the deformations of the elastomer, Kofod (2001). Applying a voltage differ-
ence between the electrodes, positive charges appear on one electrode and negative charges
on the other electrode, (Kofod, 2001), giving rise to Coulomb electrostatic forces which
cause a contraction of the actuator along the electric field direction and an expansion of
it along the two orthogonal directions, Pelrine et al. (1997). There are two, mechanically-
Figure 3.1: Principle of operation of a dielectric elastomer actuator.
coupled sources to the electrostatic force which acts to produce the observed deflections:
(i) the electrostatic pressure (compression mode), known as Maxwell stress, (Kofod et al.,
2001), arising from the attraction between opposite charges on the two electrodes and (ii)
the volume of the elastomer is fixed (the bulk modulus is much higher than the Young’s
modulus of elasticity, Pelrine et al., 2000b), i.e. the polymer volume is conserved during
actuation, mathematically modelled as a Poisson’s ratio of 0.5. Furthermore Pelrine et al.
(1998), Pelrine et al. (2000a) and Pelrine et al. (2001) claim that owing to electrode com-
pliance, additional electrical energy is converted to mechanical energy in a stretching mode
as a result of the repulsion that occurs between like charges on individual electrodes. This
principle of mechanical coupling between the normal compression mode and the in-plane
stretching mode (i.e. the forces tending to bring closer charges on opposite electrodes
and separate those of like charge on each electrode), can be modelled as a single effective
compressive stress (N/m2 or Pascals, Pa) acting in the thickness direction and given by:
p = 0E2 = 0
V 2
z2
(3.1)
where, E is the electric field (units of Volts per metre) given by Vz where V is the ap-
plied voltage in Volts and z is the thickness of dielectric elastomer in metres.  is the
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dielectric constant of the dielectric elastomer and 0 is the permittivity of free space
(8.85 × 10−12F/m). It is noted that this pressure is twice the stress normally calculated
for two rigid (i.e. non-compliant) electrodes on a capacitor, the advantageous (double
the actuation pressure) factor of 2 arising from the electrode compliance, Pelrine et al.
(2000b). Typical values of the relative dielectric constant  for dielectric elastomers range
between 2.5 and 10 or more, Pelrine et al. (1997) with Nusil CF19-2186 and Dow Corning
HS3 silicones at  = 2.8, Pelrine et al. (2000a), 3M VHB 4910 acrylic at  = 4.8 (at 1kHz),
Pelrine et al. (2000b) and at  = 6 as measured by Ma & Cross (2004) in stark comparison
with  = 1 for actuators with air gaps. The dielectric constant was found to decrease
slightly as pre-stretch increases, as shown in figure 3.2 taken from Kofod et al. (2001).
Figure 3.2: The relative dielectric constant of 3M VHB 4910 drops slightly when the sample is stretched, Kofod
et al. (2001).
Earlier, it was stated that, for the stress levels of interest, the volume of the elastomer is
fixed, Pelrine et al. (2000b) and expressed as:
Az = constant (3.2)
where A is the area of the film and z is its thickness. This can also be written in terms of
the two in-plane strains sx and sy and the out-of-plane strain sz:
(1 + sx)(1 + sy)(1 + sz) = 1. (3.3)
3.1.2 Theory of elasticity
3.1.2.1 Small strain linear elasticity
A fundamental assumption of small strain linear elasticity analysis is that shape changes
are small, implying that the stresses are independent of the strains they produce. This is
in contrast to cases involving large deformations where geometry changes lead to changes
in the applied stresses arising from the applied loads, Williams (1980).
The simplest model for describing the change in length of an elastomer in response to an
externally applied load is Hooke’s model, (Kofod, 2001), in which the change in length,
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δl, is directly proportional to the applied force F , (Benham & Crawford, 1987), with
the proportionality constant being the material’s spring constant k. Such a relationship
depends on the sample material and geometry and is hence not directly applicable to
other materials and geometries, (Kofod, 2001). A better relationship is obtained when
the applied force is divided by the deformed cross-sectional area and the change in length
divided by the original length of the sample. This leads to the definition of stress and
strain respectively given by:
σ =
F
A
(3.4)
and
s =
δl
l0
(3.5)
where these two quantities are linearly related through the tensile (or Young’s) modulus
Y which is a material dependent but geometry independent property defined as:
∂σ
∂s
→ Y for s→ 0 (3.6)
i.e. the slope at the beginning of the stress-strain curve, (Kofod, 2001).
In a general three-dimensional system of forces, there exist six strain components (three
direct and three shear strains) each influenced by six stress components resulting into
six constitutive equations with 36 constants to be determined. However, from energy
considerations it can be shown that these 36 constants can be reduced to 21. Assumptions
can reduce the number of constants further, e.g. for an isotropic material only three
constants remain and these are a function of the Young’s modulus Y and the Poisson’s
ratio ν giving a system of six equations thus:
sxx =
1
Y
[pxx − ν(pyy + pzz)]
syy =
1
Y
[pyy − ν(pxx + pzz)]
szz =
1
Y
[pzz − ν(pxx + pyy)]
sxy =
2(1 + ν)
Y
pxy syz =
2(1 + ν)
Y
pyz szx =
2(1 + ν)
Y
pzx (3.7)
where p represents a stress and s represents strain. Identical subscripts indicate a direct
quantity while non-identical ones represent shear quantities, Williams (1980).
For small strains of an unconstrained DE film (i.e. free boundary conditions: all forces
beside Fzz are zero), the engineering thickness strain in response to the Maxwell stress in
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equation 3.1 is given by:
sz = − p
Y
= −0E
2
Y
= −0 (V/z)
2
Y
. (3.8)
Pelrine et al. (1997) state this is only valid for 5% engineering thickness strain but later
studies by Pelrine et al. (1998) and Pelrine et al. (2000b) extend the validity to between
10% and 20%. Kofod (2001) notes a good fit until about 10%. Figure 3.3 shows that the
engineering thickness strain is a function of the square of the applied electric field as also
indicated by equation 3.8. An unusual behaviour is evident at low-field strength where
the response of the material did not follow the classic Mooney-Rivlin relationship. No
observations are made on this in Pelrine et al. (2000a); this unusual behaviour is believed
to be a feature of their measurement system.
Figure 3.3: The response of the silicone rubber to the electric field, Pelrine et al. (2000a).
3.1.3 Performance Parameters
3.1.3.1 Actuation speed
Pelrine et al. (2000b) provide three limits on the actuation speeds of DEAs: i) viscoelastic
effects, ii) the speed of sound in the material and iii) time to charge the capacitance of the
film (electric response time). Of these three parameters, the first, i.e. viscoelastic effects,
are expected to be the dominant controlling factor on speed of actuation. The electrical
time-constant is expected to be O(1×10−4) s.
Viscoelastic Effects
Williams (1980) defines viscoelastic effects as time-dependent behaviour of a material in
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response to an applied stress or its removal. Figure 3.4 shows the main features of polymer
time dependence: the ensuing discussion is adapted from Williams (1980). Figure 3.4a
shows Creep, which is time-dependent since if a stress p is initially applied and then
held constant, the strain e increases with time t at a decreasing rate. Figure 3.4b shows
Relaxation, which is also time-dependent because when a strain is initially applied and
then held constant, the stress decreases from its initial value with time. Figure 3.4c shows
time-dependent Recovery, i.e. if the stress is removed, either partially or entirely, the strain
recovers as a function of time while figures 3.4d and e show respectively, Constant rate
stressing : where after a constant rate of stress is applied, there is a non-linear increase in
strain with time and as stress rate increases, the stress-strain curve rises more steeply, and
Constant rate straining which shows the same effects as Constant rate stressing, Williams
(1980).
Figure 3.4: Polymer time dependence: the main features. The behaviour of an elastic material is shown as a
broken line for comparison purposes. Williams (1980).
Speed of Sound
The speed of sound in a material, i.e. the rate of propagation of a pressure wave inside
the material to convey information about an applied load, is given by a =
√
Y/ρ where Y
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and ρ are respectively, the Young’s modulus of elasticity and the density of the material,
Seto (1964).
Time to charge the capacitance of the film
The time to charge the film to its capacitance is a function of its resistance and capacitance.
The structure of the DEA is that of a capacitor: an insulating film sandwiched between
two electrodes has a capacitance while the electrodes and the connecting wiring contribute
to the resistance.
Figure 3.5: Electrical model of the basic DEA mechanism: a capacitor C in series with a resistance Re (representing
the resistance of the electrodes) with a big resistance Rl in parallel to the capacitor (accounting for
the leakage current through the capacitor). Adapted from Schlaak et al. (2005).
The electrical model for the basic DEA mechanism is shown in figure 3.5. Ignoring the
large resistance Rl in parallel with the capacitor (representing the leakage current) so that
the basic equations of resistance-capacitance circuit charging can be used, (Hughes, 1995)
then:
a) if a voltage Vs is suddenly applied, the voltage v across the capacitor grows according
to:
v = V (1− e− tRC ) (3.9)
(where R is the sum of the series electrode resistances Re), and since the current i depends
on the capacitance and the time rate of change of voltage, i.e. i = C dvdt , then,
i =
V
R
(e−
t
RC ) amps. (3.10)
The product of the series resistance and capacitance, RC, is called the time-constant of
the circuit and it represents the time required for the voltage v across the capacitor to
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reach 63.2% of its final value or the time required for the current i to fall from its initial
value VR (with t = 0 in equation 3.10) to 36.8% of
V
R .
b) if a sinusoidal voltage v = Vm sinωt = Vm sin 2pift is applied to a purely capacitive
circuit (i.e. without the series resistance), again using the relationship i = C dvdt , the
current flowing is then given by:
i = C
d
dt
(Vm sin 2pift) = 2pifCVm cos 2pift
which can be re-written as:
i = 2pifCVm sin
(
2pift+
pi
2
)
. (3.11)
Comparing equations 3.11 to the equation governing the supply voltage it is noted that the
current leads the applied voltage by pi/2. Also from equation 3.11, the maximum current
Im is given by 2pifCVm and hence if I and V are the r.m.s. values, then from VI =
1
2pifC ,
the capacitive reactance XC = 12pifC , (Hughes, 1995).
When a resistance in series with the capacitor is introduced, and since the voltage across
the resistor is in phase with the reference current I and the voltage across the capacitor
lags the current I by pi/2, then the resultant voltage is added phasor-wise as:
V = (V 2R + V
2
C)
1
2
V = (I2R2 + I2X2C)
1
2
V = I(R2 +X2C)
1
2
V = IZ (3.12)
where Z is called the impedance and is given by:
Z = (R2 +X2C)
1
2 =
(
R2 +
1
(2pifC)2
) 1
2
. (3.13)
The maximum current I in the resistance-capacitance circuit is given by I = VZ , i.e.
I =
V(
R2 + 1
(2pifC)2
) 1
2
. (3.14)
It is noted from equation 3.14 that the maximum current drawn increases with increasing
frequency and tends towards its maximum value of VR . In contrast to the purely-capacitive
circuit, in this resistance-capacitance circuit, the current leads the voltage by an angle
φ = cos−1RZ = cos
−1
[
R(
R2+ 1
(2pifC)2
) 1
2
]
.
In this case, (where the supply voltage is sinusoidal), the time constant RC introduced
in section (a) still determines the rapidity with which the capacitive-resistive circuit can
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be charged/discharged. If the supply frequency f is not much smaller than 1RC , then the
circuit will behave as a low-pass filter, i.e. the voltage across the actuator will oscillate
sinusoidally about the same mean but with a smaller amplitude according to a frequency-
dependent gain k (maximum of unity), Birch (2006):
k =
1√
1 + (2pifRC)2
. (3.15)
This effectively reduces the electric field and hence the actuation strains possible.
This model assumes that the capacitance of the film and the resistance of the electrodes
remain constant. In practice, during actuation, the capacitance (given by C = 0Az )
changes because the film compresses in thickness, z, and expands in its area, A. The
resistance of the electrodes also changes because during actuation the electrodes stretch
with the film. A theoretical electrical model which attempts to capture such effects is
currently under development. The results given by the model presented are already of the
same order as those measured.
The half-bandwidth is defined by Pelrine et al. (2000b) as the frequency at which the strain
is one-half that of the 1 Hz response. Pelrine et al. (2000b) gives the half-bandwidth of
3M VHB4910 as between 30-40 Hz while Prahlad et al. (2005) state that they observed
no significant drop-off in strain using chemically modified acrylic films at up to 50 Hz.
Heydt et al. (1998) and Heydt et al. (2000) use Dow Corning HS3 Silicone in prototype
loudspeakers driven at frequencies between 2 and 20 kHz. Pelrine et al. (2000b) claim
that Nusil CF19-2186 was demonstrated at full-strain response at up to 170 Hz. Pelrine
(private communication) advised that from further experiments, the full-strain response of
pre-stretched CF19-2186 in a circular electrode configuration has been measured at even
higher frequencies until effects of resonance were reached. Figure 3.6 compares the strain
response of silicone and acrylic for increasing frequency.
Figure 3.6: The normalised strain response of (left) silicone Nusil CF19-2186 and (right) acrylic with increasing
frequency. (Private communication with R. Pelrine, SRI International).
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3.1.3.2 Efficiency
Pelrine et al. (1997) report that the system energy efficiency (ratio of output mechanical
energy to consumed electrical energy) of DEAs is estimated at 80% to 90% at actuation
rates of between 1 and 20 Hz. Their estimate is based on calculations of losses like leakage
current and hysteresis. The former was reported to reduce for higher rates of actuation.
The estimates assume energy recovery. Pelrine (private communication) suggests, “The
electroactive polymers we use are basically variable capacitors. We apply a voltage, they
actuate, but then there is stored electrical energy left on the actuator as a capacitor.
A similar phenomenon occurs with piezoelectric and electrostatic actuators. For highest
efficiency, you need to recover the electrical energy left on the actuator after actuation.
The “recovered” electrical energy can be stored and used again with a proper circuit.
Of course, what is recovered is less than what was initially input to the actuator. The
difference between the two is the mechanical output energy plus losses in both the circuit
and the polymer (such as viscoelastic losses)”. Pelrine et al. (1997) estimate that without
energy recovery, relatively good efficiencies of between 10 and 50% can still be attained.
Carpi et al. (2003) introduce the concept of coupling efficiency which is defined as the
ratio of useful mechanical energy to the supplied electrical energy. The mechanical work
per unit volume is given by:
∫ x
x0
Fxdx
x0y0z0
while the electrical charging work per unit volume
is given by 12
CV 2C
A0z0
, where Fx is an isotonic (constant load) transverse force proportional to
the square of the electrical field, A0 and z0 are the area of overlap of, and the distance
between, the two electrodes respectively, Carpi et al. (2003).
Coupling efficiency is useful when no energy recovery is used. On the other hand, system
efficiency, defined as the ratio of output mechanical energy to consumed electrical energy,
is more useful when energy recovery circuitry is used. Pelrine et al. (2000a) define a
coupling efficiency with a different approach. It is first noted that during actuation, the
actuator capacitance changes. The capacitance is given by C = 0Az . If the actuator
material is incompressible and its volume is U , then U = Az and substituting into the
equation for the capacitance gives: C = 0 Uz2 . If the electrical drive is a constant charge
drive, then the change in electrical energy of an actuator (state 1 to state 2) is given as:
∆E
E1
=
E2 − E1
E1
=
(
(Q
2
C2
)− (Q2C1 )
)
(Q
2
C1
)
. (3.16)
Then,
∆E
E1
=
(z22 − z21)
z21
= 2sz + s2z (3.17)
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where z2 = z1(1 + sz). Assuming that viscoelastic losses are negligible, so that change in
electrical energy equals the work output, the coupling efficiency, (k2 as defined in Pelrine
et al. (2000a)), taking into account a minus sign (sz < 0) is given by −2sz− s2z. From this
equation, for an elastomer with a thickness strain of 32%, the coupling efficiency is about
54%. This is the maximum efficiency of the actuator without energy recovery.
Energy Recovery
As highlighted in the private communication with Pelrine, when a voltage is applied across
an electroactive polymer actuator (a deformable capacitor), it actuates, but then there is
stored electrical energy left on the actuator as a capacitor. This energy could be recovered
by an appropriate energy recovery circuit. The aim of this circuit would be to extract
the stored charge, store it in another capacitor and return it in the next cycle. This is
the principle behind the circuit proposed by Campolo et al. (2003). Using passive com-
ponents to demonstrate the advantages behind the circuit, Campolo et al. (2003) list two
well-known facts:
• “Charging up an initially discharged capacitor C by means of a constant voltage V and
a resistive switch requires a total energy E = QV = CV 2 that is exactly twice the final
energy stored in the capacitor itself independently of switch resistance. The final energy
stored in the capacitor is thus 1/2CV 2 and the same amount has been dissipated across
the resistive switch.”
• “When connecting a charged capacitor C1 to a discharged one C2 by means of a resistive
switch, the final energy will be less than the initial one. When C1 = C2 = C, the final
voltage would be half of the initial one, thus only 50% of charge (i.e. 25% of energy) would
be recovered.”
A better approach would be to utilise a circuit which places the charged capacitor in a
resonant circuit. If an inductor is placed between charged capacitors C1 and discharged
capacitor C2 as shown in figure 3.7, a circuit resonant frequency ω0 = 1/
√
LC is estab-
lished, where C is the equivalent capacitance of C1 and C2 in series, and it could be shown
that in an ideal loss-less situation, charge could be completely moved from capacitor C1
to C2.
Campolo et al. (2003) used the circuit in figure 3.7 as the building block for a circuit which
transfers stored charge from capacitor C1 to C2 and vice versa, shown in figure 3.8.
Referring to figure 3.8, closing switch SHL charges capacitor CL from supply voltage V0.
Opening switch SHL and closing switch S1 discharges capacitor CL into capacitor CR.
Switch S1 is then opened. To make up for losses in the system, CR could be topped by
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Figure 3.7: (a) Charge can be transferred from a charged capacitor C1 to a discharged one C2. (b) If C1 = C2
then the charge will be completely transferred from C1 to C2, Campolo et al. (2003).
Figure 3.8: Complete circuit for applying charge recovery to a unipolar square-wave switching stage. SHL, SLL,
SHR and SLR represent a standard H-bridge, Campolo et al. (2003).
closing switch SHR. Any remnant charge in CL could be removed by closing switch SLL.
With all switches open, capacitor CL could be recharged from capacitor CR by closing
switch S2 and if necessary then topped up for losses by closing switch SHL. Hence if
capacitor CL is an EAP actuator, its charge could be temporarily stored in a capacitor
CR and re-utilised when necessary by operating the right sequence of switches.
3.1.3.3 Specific energy density
Kornbluh et al. (1998) define two metrics useful in comparing different technologies: energy
density, energy output per unit volume; and specific energy, energy output per unit mass.
Power density and specific power can be calculated by multiplying the energy density or
specific energy by the frequency of actuation, (Kornbluh et al., 1998). Such metrics are
indicative of the required size or mass of the actuator to complete a required amount of
work.
Figures 3.9 and 3.10 compare respectively, different candidate elastomers for DEA appli-
cations and, two promising elastomers with other technologies and with natural muscle.
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Figure 3.9: Comparison of performance parameters for different elastomers, Pelrine et al. (2000a). (The heading
of the third column should read “Pressure”).
3.1.4 Degradation and breakdown
Sommer-Larsen et al. (2001) list a number of failure mechanisms through which dielectric
elastomer actuators break down. The two dominant mechanisms cited are mechanical
breakdown under load and dielectric breakdown.
Mechanical breakdown is characterised by two aspects: the ultimate tensile stress (the
stress level at which the material fails), and extension at yield, which could be a time-
dependent property if the elastomer behaves viscoelastically.
Sommer-Larsen et al. (2001) specify different mechanisms of dielectric breakdown. One
mechanism is electronic (or intrinsic) breakdown where unbound electrons accelerated by
the electric field collide with bound electrons, exciting them to an unbound state. This
makes the newly-unbound electrons inclined to be accelerated leading to an avalanche
breakdown where arcing occurs between the two electrodes. This is related to the break-
down electric field (V olts/metre) of the material. Another mechanism of dielectric break-
down is thermal breakdown when, through dielectric losses and ohmic heating (due to the
leakage current), electrical energy is dissipated into heat.
Other sources of breakdown cited by Sommer-Larsen et al. (2001) are sparks – which would
degrade the elastomer through ohmic heating – in the region where the electrodes connect
to the connection leads, and stress concentrations arising from clamping or from sharp
edges on the connection leads. Mechanical defects in the material such as non-uniform
thickness, inclusions and air-bubbles could also lead to arcing through the elastomer, and,
defects in the sheet, e.g. fractures at the edge of the film, Kofod (2001), could all lead to
catastrophic destruction of the actuator.
Another mechanism that could lead to film breakdown is the contraction in thickness as
the electrodes attract each other. Pelrine et al. (1998) and Sommer-Larsen et al. (2001)
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Figure 3.10: Comparison of performance parameters of two promising elastomers for DEAs with other technologies
and natural muscle, Pelrine et al. (2001). It is noted that the column “Maximum efficiency” refers to
the maximum possible efficiency, i.e. the system energy efficiency (ratio of output mechanical energy
to consumed electrical energy); in the case of EAPs this includes energy recovery.
report a simplified theoretical analysis on an actuator made from a material that is linearly
elastic (i.e. its stress-strain characteristic is linear; its Young’s modulus is constant) and
whose boundary conditions are free (i.e. the actuator is free-standing, not constrained in
any way, with just its electrodes connected to an electrical supply). It was shown that for
these simplified conditions, a contraction bigger than 33% can cause mechanical collapse to
occur. This occurs since, as the polymer contracts in thickness, the electric field pressure
increases (see equation 3.1) and beyond 33% thickness strain, the material undergoes an
electromechanical instability and locally contracts rapidly in thickness until breakdown
occurs. Pelrine et al. (2000a) state that this electromechanical instability limit has not
been experimentally confirmed but go on to state that the fact that a number of materials
with substantially different elastic moduli have peak strains in the range 25-35% suggests
that such an instability may be a limiting factor. It is important to keep in perspective
the assumptions on which this electromechanical instability is based, i.e. a linear modulus
70 Chapter 3. Electroactive Polymers
and free boundary conditions. Pelrine et al. (2000a) state that the analysis does not
apply to polymers having non-linear moduli (as many polymers have). They further state
that it also does not apply to actuators where part of the strain is caused by dynamic or
static loading constraints. Pelrine et al. (2000a) cite their experiment, using Dow Corning
HS3 silicone (pre-strained polymer over a circular frame with an electroded (hence active)
central circular portion), where a peak thickness strain of 41% was recorded, to show that
the theoretical 33% electromechanical limit is not fundamental but rather a practical limit
that only applies to some materials under specific loading conditions.
3.1.5 The effects of pre-strain
Bolzmacher et al. (2006) identify a number of effects that pre-straining the elastomer
introduces on its performance.
a) Pre-straining the elastomer sheet reduces its thickness and hence increases the electric
field (V/z) with the concomitant increases in actuation forces and strains.
b) Pre-straining also greatly improves the dielectric breakdown field, e.g. Nusil CF19-2186
silicone: the quoted breakdown field is 28.7MV/m while Pelrine et al. (2000b) report a
breakdown field of 350MV/m after pre-straining by 45% in both directions. Kofod et al.
(2001) report the breakdown field of 3M VHB4910 increasing from 18MV/m to 218MV/m
with a 500% bi-axial pre-strain. A larger breakdown field allows a larger voltage to be
applied to an elastomer sheet leading to larger actuation forces and strains. The increase in
dielectric breakdown field is explained by Kofod et al. (2001) as being due to the elastomer
chains being more resistant to breakdown when they lie perpendicular to an electric field
compared to when they lie parallel to it. Since the chains are originally in the perpendicular
orientation, there is a bigger probability of a collision between avalanching electrons and
polymer atoms. Kofod (2001), basing his arguments on the elastomer molecular structure,
explains that bi-axial stretching uncurls the elastomer chains forming a grid perpendicular
to the electric field presenting a higher collision cross-section for accelerating charges.
c) A non-uniform pre-strain (i.e. different amounts of pre-strain) stiffens the material more
in one direction (the higher pre-strain one) than the other direction (the low-pre-strain
one) and hence during actuation, the material extends in the preferential direction of lower
pre-stretch, Pelrine et al. (2000b).
d) Pre-straining can move the material along the non-linear stress-strain curve to a less
steep region, effectively reducing the stiffness and hence the force required to achieve a
required deflection. On the other hand, if pre-straining is too large, there is the possibility
of moving the elastomer into a steeper region of the stress-strain curve, stiffening the
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material leading to smaller strains for a given applied electrostatic pressure.
e) Pre-straining reduces the dielectric constant by a few percent, as shown in figure 3.2.
3.1.6 Electrodes
In section 3.1.1 it was stated that the dielectric medium is sandwiched between two elec-
trically conductive, compliant electrodes. Positive charges on one electrode and negative
charges placed on the other electrode attract each other providing the Maxwell force
mechanism. Kofod (2001) states that the term ‘compliant’ implies the ability of a thin,
conducting electrode to follow the strain of the elastomer without losing any conductiv-
ity and without imposing any opposing stress. A study by Carpi et al. (2003) reported
that the suitability of electrode materials is governed also by a further parameter: the
electric field range. In their study, it was noted that some electrode materials reached sat-
uration (further increases in the electric field led to smaller increases in observed strain)
earlier than others. A number of materials used to build electrodes have been reported in
literature. The following is a short review.
Graphite spray electrodes
Graphite spray electrodes are applied by spraying a suspension of conductive graphite
particles in a solvent with a low boiling point like V&M naphtha or heptane from an air-
brush or a spray-gun. The low-boiling point of the solvent allows it to easily evaporate
while in flight (i.e. most of the solvent evaporates before hitting the surface) and quickly
off the surface thereafter. Hence the surface is minimally wetted (private communication,
Williams Wynn at Polymer Systems Technology Limited); otherwise the tackiness of any
adhesive on the surface prior to spraying is reduced, or interceptions in the sprayed dust
may occur. If the graphite particles are fine, then a very uniform thickness electrode can
be built. Such a technique is more suitable for elastomer film surfaces which are adhesive
(e.g. the 3M VHB 4910 acrylic tape) since the graphite dust then adheres to the surface.
Dust electrodes
Dust electrodes are similar to graphite spray electrodes in that conductive graphite parti-
cles are applied to the surface. The difference is in the application method: dust electrodes
are usually applied using a brush, Kornbluh et al. (1998) or a cotton-bud over a lift-off
stencil.
Carbon Grease Electrodes
Carbon grease (e.g. from Chemtronics Circuit Works), made from conductive graphite (or
silver) particles suspended in silicone oil-based grease has been reported by several work-
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ers. Kofod (2001) reports very good performance with no significant migration of electrode
material with actuator strains below 50%, although such problems were noted for higher
strains. Two disadvantages of carbon grease include it being messy to handle and also as
reported by Pope et al. (2004), relatively heavy, making the unstretched elastomer sag un-
der its weight and swell with exposure to the silicone oil base. Carbon grease is especially
useful when a sound contact between a lead (connected to the voltage amplifier) and an
electrode (whose surface is not perfectly uniform) is to be established (private communi-
cations with David Birch (Surrey) and Munir Ahmad (Research Fellow in MEMS, Optical
and Semiconductor Devices Group, Department of Electrical and Electronic Engineering).
Gold and Structured Electrodes
Pelrine et al. (2000a) state that the DEA technology can incorporate many techniques
and materials from the microelectronics and microelectromechanical systems (MEMS)
community. Besides techniques to build thin, uniform films of elastomer, techniques such
as sputter coating and photolithography can be used to build thin uniform electrodes.
Uniform gold electrodes have been reported to easily crack for strains larger than 4% but
clever arrangements of such electrodes may lead to larger strains. An example of this is
shown in figure 3.11 where zig-zag shaped gold electrodes were built on a second, lower-
conductivity, compliant electrode material. The gold electrodes transport charge onto the
film which is then uniformly distributed by the second electrode material. With such an
arrangement, Pelrine et al. (2000a) reported strains in excess of 80%. A further advantage
of having a system of two electrodes with different conductivity is an enhancement in
reliability: when a breakdown occurs somewhere on the material, the breakdown current
must pass through the low conductivity material first before reaching a high-conductivity
gold trace. This limits the breakdown current and limits the damage to a smaller area,
preventing catastrophic failure.
Rubber Electrodes
Rubber electrodes consist of silicone, thinned with a solvent such as V & M naphtha
or heptane, and loaded with conductive graphite particles. Kofod (2001) mixed Wacker
E43 RTV-1 Silicone Glue with Ketjenblack EC-300J graphite at a volume proportion
of 20%. The mixture was sprayed onto the silicone film with an air-brush and as the
heptane evaporated, moisture in the air started the cross-linking process in the host silicone
matrix of the mixture. After vulcanisation (cross-linking) is complete, a stable conducting
electrode is formed.
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Figure 3.11: Structured electrodes: zig-zag gold electrodes sputtered uniformly on the film, then patterned via
photolithography, Pelrine et al. (2000a).
3.1.6.1 Loading of silicone with conductive particles: Aspects of Percolation
Elastomers loaded with electrically conductive powders are commonly used in gaskets
for EMI-shielding applications in electronic devices, Callen & Mah (2002). These authors
recognise that the challenge in this application is to attain the EMI-shielding requirements
while still meeting mechanical property requirements such as hardness and tensile modulus.
Volume resistivity, (measured in Ω · m), is a recognised and widely used indicator of
how conductive the particle-loaded elastomer is. Callen & Mah (2002) note that, when
progressively loaded with conductive filler, the elastomer is non-conductive until there are
enough conductive particles to form an effective electrical circuit. The volume resistivity
then experiences a rapid drop and further increases in conductive particle loading cause
the resistivity to drop slowly. Hence, a threshold in the resistivity becomes distinct and is
called the ‘percolation threshold ’, Kofod (2001). Callen & Mah (2002) note that for mono-
sized spherical-shaped particles, the percolation threshold is close to a volume loading of
30% but it can be far lower for non-spherical ones mainly due to their geometric packing
characteristics – a function of their size distribution, shape and roughness. It is then useful
to use the term apparent density defined as the mass divided by the actual volume (not
the sum of the volumes of the individual particles) occupied by a sample of loose powder,
to characterise its packing properties.
As shown in figure 3.12, elongated particles occupy more volume than the same mass of
spherical particles and thus their apparent density is lower. Lower apparent density is
advantageous in applications where a network of connected particles is required because
electrical conductivity is attained at lower volume loading levels hence not significantly
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Figure 3.12: Schematic showing two equal masses of loosely packed particles that have the same particle density
and particle mass but different in shape. The spherical particles (left) pack more closely and occupy
a smaller volume to produce a higher apparent density compared to the elongated particles on the
right, Callen & Mah (2002).
altering the host elastomer properties like hardness and tensile modulus.
Callen & Mah (2002) state that the most useful measure when making comparisons in per-
formance between conductive filler-loaded elastomers is the percentage volume loading as
this measure, unlike percentage weight loading, takes also into account the host elastomer
density and the conductive particle true density. Volume loading is given by:
Volume Loading (%) =
wf[
wp
(
df
dp
+ wf
)] × 100 (3.18)
where wf and df are respectively the weight and true particle density of the filler conductive
particles while wp and dp are respectively the weight and density of the host polymer,
Callen & Mah (2002).
Kofod (2001) reports that the carbon black Ketjenblack EC-300J from Akzo Nobel has a
percolation threshold of about 5%. To experiment with different loadings of conductive
particles in the host elastomer, both Kofod (2001) and Callen & Mah (2002) cast rela-
tively thicker sheets (compared to the typical thickness of the electrodes required in DEA
applications) but the results are still very informative. Figure 3.13 shows the variation of
the ultimate elongation, hardness and volume resistivity with increasing volume loading.
The characteristic percolation threshold can be noted in the bottom plot as the resistivity
drops sharply with a small increase in graphite loading. However it is clear that there is
a strong correlation between conductive filler loading and hardness. Ultimate elongation
was also seen to rapidly decrease with increasing volume loading.
Such studies indicate that a careful analysis of the variation in resistivity and mechanical
3.2. Summary 75
properties with volume loading is necessary if the electrodes built from a graphite-loaded
silicone are to be conductive but still significantly compliant.
3.1.6.2 Volume resistivity measurements
A modified test method based on the standard test method for volume resistivity of conduc-
tive elastomers recommended by ASTM D991 has been proposed in a technical document
by Chomerics (2007) in an effort to address some shortcomings that the standard poses.
Most relevant of these shortcomings to the DEA field is that ASTM D991 assumes that the
surface resistivity is very high. The test recommends the use of a probe similar to the one
shown in figure 3.14 and tests at Chomerics have shown that the results obtained correlate
well with 4-point probe methods of measuring volume resistivity. The test recommends
placing a small weight of between 450 and 900 grams over the probe so that stabilisation
of the resistance reading is attained in a few seconds. The resistivity is calculated using
the equation in figure 3.14 but if the probe dimensions are different, then the equation
changes accordingly.
3.2 Summary
This literature survey has revealed that given the higher frequencies of actuation re-
quired for this aerodynamic application, polydimethylsiloxane is the preferred polymer
over acrylic albeit the latter being more robust. Polydimethylsiloxane has a better fre-
quency response with typical half-bandwith beyond the frequencies required in this ap-
plication. Polydimethylsiloxanes with a higher proportion of cross-links between polymer
macro-molecules tend to be stiffer but maintain their voltage-induced deflection for even
higher frequencies. Between two kinds of polydimethylsiloxanes where, the first kind has
its cross-links concentrated towards the macro-molecule ends and the second kind has the
same amount of cross-links but these are uniformly distributed along the macro-molecules,
the latter are preferred. The former kind tend to allow slippage between macro-molecules
and hence, hysteresis losses are likely to be larger. The survey has also revealed that
pre-straining the polymer improves its performance and increases its breakdown voltage.
Pre-straining also makes the polymer behave in a non-isotropic way, and therefore, the
voltage-induced thickness strain could be converted to an in-plane strain predominantly in
one required direction. The survey on electrodes has shown that two routes could be fol-
lowed - i) brushing graphite onto the polymer or ii) spraying a graphite-uncured polymer
binary mixture to improve electrode robustness.
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Figure 3.13: Plots of the variation of volume resistivity, hardness and ultimate elongation with increasing volume
loading of conductive nickel graphite (Sulzer Metco Canada), Callen & Mah (2002).
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Figure 3.14: Test probe recommended by Chomerics for measuring volume resistivity of conductive elastomers,
Chomerics (2007).
Chapter 4
Wind tunnel setup and
Experiment Design
Figure 4.1: The 76cm x 76cm wind tunnel in the Turbulence and Flow Control Laboratories at the Department
of Aeronautics, Imperial College London.
4.1 Wind tunnel
The wind tunnel used in all these experiments is open circuit with a test-section cross-
sectional area of 0.76 m × 0.76 m × 3 m, figure 4.1. Air is driven by a centrifugal fan and
the tunnel has a contraction area ratio of 4.6, a series of wire-meshes and a honeycomb
for flow conditioning. The free-stream turbulence intensity of the tunnel, based on the
streamwise fluctuation velocity is about 0.5% which is on the high side for wind tunnels
but this was of no concern since the aim of this study is to compare the near-wall region
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of a turbulent boundary layer before and after actuation of an active surface beneath a
fully turbulent flow.
4.1.1 Wind tunnel ceiling adjustment for streamwise pressure gradient
control
The ceiling of the wind tunnel was modified as part of this project to be able to have good
control on the streamwise pressure gradient. Part of the tunnel ceiling is made from a
thick panel of Perspex which is able to be curved into taking a shallow profile. The rest
of the ceiling is made from wood which was cut into piecewise linear streamwise portions
so that a piecewise approximation of the growth of the displacement thickness on the
four tunnel walls could be emulated and corrected for. The gap which inevitably opens
between the slanting/curved ceiling and the vertical walls was sealed by constructing a
flexible rubber joint bolted to the vertical walls and protruding beyond the ceiling. As the
ceiling streamwise variable height was adjusted, the rubber joint flexed accordingly to seal
the resulting gap, figure 4.2.
Figure 4.2: The piecewise ceiling for streamwise pressure gradient control and the freely-adjustable seal between
the walls and the ceiling.
4.1.2 Wind tunnel fan motor controller
The wind tunnel fan motor controller was modified so that it could maintain to better
accuracy a constant freestream velocity. Two systems monitoring, correcting and main-
taining the freestream velocity were designed, built and deployed. It is estimated that the
systems maintain the freestream velocity to within 0.2% of the pre-set value. A description
is given in Appendix E.
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Figure 4.3: A typical streamwise pressure distribution as set by adjusting the ceiling and the rear control surface.
Figure 4.4: The flat-plate mounted in the wind-tunnel at mid-height. The front, middle and rear portions are
shown. The active surface under test was part of the middle portion of the plate.
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Figure 4.5: The front portion of the flat-plate built. The super-elliptic nose is shown together with the streamwise
pressure taps and side-hole for tubing and cable routing. The pitch of the 1mm diameter pressure taps
is 15cm.
4.2 Flat plate
4.2.1 Flat plate: front portion
A hollow flat plate, 81 mm high, was constructed in three pieces and mounted horizontally
at mid-height of the tunnel. The front portion of this plate has a nose of super-elliptic
profile of degree 3 with major to minor axis ratio of 12; this does not have a discontinuity
in curvature and hence provides for a smoother transition to turbulence although the flow
was tripped by a 1-inch wide strip of P80 sand-paper glued across the whole width of the
surface (at the streamwise interface between the super-elliptic profile and the flat plate)
using double-sided sticky tape. The underlying ‘cloth’ in this P80 strip had a thickness of
0.7 mm while the grit had an average diameter of about 0.2 mm. When the effectiveness
of this tripping element was checked in retrospective, compared to the grit used by Erm &
Joubert (1991), i.e. Height ≈ 1.6 mm (distance from smooth surface to outermost peaks)
with a streamwise extent of 50 mm, it is likely that the tripping device utilised here was
understimulating the flow. In Erm & Joubert (1991), their particular grit-based tripping
device, only tolerably, correctly stimulated the flow at a freestream velocity of 8 m/s,
and turbulent flow for this condition was deemed to have started approximately 0.4 m
downstream. On the other hand, the 1.2 mm diameter wire (hence slightly thicker than
the roughness strip utilised here) tested by Erm & Joubert (1991) led to turbulent flow
within 0.25 m at 8 m/s.
Along the streamwise centre-line of this plate, sixteen pressure taps of 1 mm diameter
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were provided at a pitch of 15 cm, starting from approximately 30 cm downstream of
the trip device and extended beyond the streamwise location under interest where the
majority of the measurements were eventually made. For all experiments in this project,
the streamwise pressure gradient was set to be very close to zero by adjusting the roof of
the wind tunnel and the control surface at the trailing edge. Figure 4.3 shows a typical
streamwise pressure distribution along the plate as measured by connecting the pressure
tap closest to the leading edge (i.e. no. 1) to the ‘positive’ port of the Furness FCO510
micromanometer and in turn, each other tap connected to the ‘negative’ port.
4.2.2 Flat plate: rear portion
The rear portion of the flat plate consists of a short flat portion followed by a tapering
section on the under-side with a 3 ◦ included angle. The last 20 cm of this tapering section
was cut off and hinged to the upstream tapering section to provide a control flap for
fine-tuning of the streamwise pressure gradient.
4.2.3 Flat plate: middle portion
The middle portion of this hollow flat plate contains the streamwise section of particular
interest and where the majority of the measurements were carried out. This middle portion
houses a steel frame constructed to carry a frictionless air-bearing which would eventually
enable direct measurement of turbulent skin-friction drag. A separating plate in this
middle section separates the chamber that houses the air-bearing from the chamber which
houses the actuator surface to be exposed to the flow. The purpose of this is to prevent
any of the air from the air-bearing escaping to the top side of the plate and contaminating
the boundary layer. This is shown in the schematic in figure 4.7. Instead, relief ports are
provided on the bottom of the middle portion to allow the lifting air to escape through
the bottom side of the plate. Access ports in the bottom of the middle portion also allow
access to the air-bearing and the load-cell without the need to disassemble any of the
setup. This is shown in figure 4.8. The middle portion also provides recessed passages
through which foil leads to the actuators and their connection to high voltage leads are
routed. This is shown in figure 4.9.
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Figure 4.6: A sectional view of the flat-plate: middle portion.
Figure 4.7: Left : A photo of the protruding pins onto which the surface under test is mounted. The pins, screwed
into the top surface of the floating element come through a wooden cover which separates the chamber
housing the air-bearing (underneath) from the cavity which holds the surface under test. The surface
under test is mounted onto the pins and vertically aligned with the surfaces upstream, downstream
and adjacent to itself. Right : A schematic of the setup showing the air-bearing (floating element and
pressure plenum), the load-cell hooked to the floating element, the separating cover, the protruding
pins and the surface under test.
4.3 Design of the experiment
4.3.1 Turbulent flow over a flat-plate: development of the boundary
layer equations
Given the wind-tunnel and the flat-plate mounted at half-height described in the last
section, preliminary calculations were carried out to determine the necessary parameters
of the experiment. The adjustable ceiling was adjusted until a zero streamwise pressure
gradient was attained. The control surface at the trailing edge of the flat plate provided
fine adjustment to this streamwise pressure gradient.
Based on arguments established from empirical data, Schlichting (1968), assumed that the
velocity distribution in the boundary layer over a flat plate is identical to that inside a
circular pipe and justifies this assumption by noting that the drag is calculated from the
integral of momentum. Experiments have shown that this assumption is satisfied up to
Re = U∞lν < 10
6.
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Figure 4.8: Access ports allow easy access to the force transducers, the air-bearing levelling system and the me-
chanical stops.
The skin friction drag D(x) on one side of a flat plate of length x satisfies:
D(x) = b
∫ x
0
τ0(x′)dx′ = bρ
∫ δ(x)
0
U(U∞ − U)dy. (4.1)
where b is the plate width. This was obtained from a control surface analysis showing that
the friction drag is equal to the loss of momentum.
The momentum thickness δ2 is given by:
δ2U
2
∞ =
∫ ∞
0
U(U∞ − U)dy (4.2)
which, when substituted into equation 4.1, gives:
D(x) = bρU2∞δ2(x). (4.3)
Differentiating equation 4.3 with respect to x gives:
1
b
dD
dx
= τ0(x) = ρU2∞
dδ2
dx
. (4.4)
Based on empirical observations, it is assumed that the velocity profile follows a 17
th power-
law (for moderate Reynolds numbers). Then
U
U∞
=
(y
δ
) 1
7
. (4.5)
The equation for shearing stress at the wall from studies by Blasius (1913) and Nikuradse
(1926) on circular pipes, up to a Reynolds number Re = udν ≤ 100, 000 (where u is the
bulk mean velocity and d is the pipe diameter) is quoted:
τ0
ρU2∞
= 0.0225
( ν
U∞δ
) 1
4
. (4.6)
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Figure 4.9: A double-level recess is machined in the middle portion to house all power and ground cables and their
routing.
From equations 4.2 and 4.5 δ2 = 772δ and then equation 4.4 can be written as:
τ0
ρU2∞
=
7
72
dδ
dx
= 0.0225
( ν
U∞δ
) 1
4
. (4.7)
Introducing the boundary condition δ = 0 at x = 0 and solving, gives:
δ(x) = 0.37x
(U∞x
ν
)− 1
5
δ2(x) = 0.036x
(U∞x
ν
)− 1
5
. (4.8)
From equations 4.3 and 4.8, the total skin friction drag in a flat plate of length l and width
b wetted on one side is:
D = 0.036ρU2∞bl
(U∞l
ν
)− 1
5
. (4.9)
C ′f and Cf are defined respectively as the local and total skin friction coefficients, where:
C ′f =
τ0
1
2ρU
2∞
Cf =
D
1
2ρU
2∞bl
. (4.10)
Comparing with equations 4.3 and 4.4, it can be shown that:
C ′f = 2
dδ2
dx
Cf =
2δ2(l)
l
. (4.11)
Substituting δ2 from 4.8,
C ′f = 0.0576
(U∞x
ν
)− 1
5 = 0.0576Re
− 1
5
x Cf = 0.072
(U∞l
ν
)− 1
5 = 0.072Re
− 1
5
l .
(4.12)
Using empirical data, Schlichting (1968) corrects the constant for Cf in equation 4.12 from
0.072 to 0.074:
Cf = 0.074Re
− 1
5
l . (4.13)
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In a private communication, Professor Ahmed Naguib questioned the use of the equation
for shearing stress at the wall from studies by Blasius (1913) and Nikuradse (1926) on
circular pipes since this was developed through an analysis involving the streamwise pres-
sure gradient in contrast to the zero streamwise pressure gradient boundary layer under
analysis. An empirical relationship developed by Ludweig and Tillman and given in Hinze
(1975) based on Reδ2 was suggested:
C ′f = 0.246× 10−0.678H12Re−0.268δ2 . (4.14)
The equation is valid in the range U∞δ2ν = 10
3 to 104, a range similar to the one for the
analysis developed earlier. The shape factor, H12, is a function of C ′f , however in the Re
range considered, it varies only slightly and Hinze (1975) approximates it by an average
value. A value of 1.4 is used in this analysis.
Starting from equation 4.14, and assuming H12 = 1.4, the equation is then written as:
C ′f = 0.029Re
−0.268
δ2
= 0.029
(U∞δ2
ν
)−0.268
. (4.15)
Substituting for C ′f from equation 4.10 gives:
τ0
ρU2∞
= 0.0138
(U∞δ2
ν
)−0.268
. (4.16)
Equating this to equation 4.4 and solving gives:
δ2(x) = 0.041x
(U∞x
ν
)−0.21
. (4.17)
Differentiating equation 4.8 with respect to x and substituting into equation 4.4, and
starting from 4.16 and substituting into 4.17, gives expressions for the wall shear stress
respectively:
τ0(x)
ρ
= 0.0288U2∞
(U∞x
ν
)− 1
5 τ0(x)
ρ
= 0.0325U2∞
(U∞x
ν
)−0.21
. (4.18)
4.3.2 Selection of parameter values
Equation 4.8 was used to establish the growth of the boundary layer δ as well as δ1
and δ2. Also, with a value for the wall shear stress, τ0, established from equations 4.18,
the value of one viscous (wall) unit, `v = νuτ , where, uτ =
√
τ0
ρ is the friction velocity,
was deduced. Figure 4.10 shows the variation of the boundary layer thickness at three
streamwise stations: 2.2 m, 2.5 m and their average, 2.35 m, downstream of the leading
edge, with streamwise free-stream velocity. These values have been chosen because, a
streamwise length of 0.3 m for the active surface was selected, with the leading edge 2.2
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m downstream of the trip. The streamwise station at 2.35 m is halfway over the active
surface and is representative of the parameters on it. Figure 4.11 shows the variation of
three Reynolds numbers based on i) boundary layer thickness, ii) displacement thickness
and iii) momentum thickness, freestream velocity and viscosity.
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Figure 4.10: Variation of the boundary layer thickness δ at three streamwise stations, with free-stream velocity.
The streamwise length of the plate under control is critical because, as highlighted in
Quadrio & Ricco (2003), in Quadrio & Ricco (2004) and in Choi et al. (1998), there is
a spatial transient over which the flow adapts to the new externally-imposed conditions.
It was seen that the length of this spatial transient increases with increasing wave speed
W+m =
piD+m
T+
, where D+m was the peak-to-peak wall oscillation equivalent to twice the
wavelength of the travelling/oscillating wave, Quadrio & Ricco (2004). Referring to figure
2.43 and assuming a typical convection velocity of 10uτ the temporal transient can be
converted into a spatial one to indicate the required length of the active surface as shown
later.
Figure 4.12 shows the variation of the linear sublayer thickness (assumed to have a thick-
ness of 5 wall units) with increasing streamwise velocity. The penetration depth of the
Stokes layer required should be of the order of the linear sublayer height, as also shown in
a later section. The figure also shows the variation of the dimensional frequency equivalent
to non-dimensional periods of T+ of 50 and 100 reported in literature.
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Figure 4.11: Variation of three Reynolds numbers, Reδ, Reδ1 and Reθ with freestream velocity.
4.3.2.1 Streamwise length of the oscillating plate
The following is an analysis of the streamwise length required to ensure that measure-
ments are taken downstream of the spatial transient. Since no study has, as yet, been
conducted at the Reynolds numbers of this work, information on critical parameters like
non-dimensional frequency and streamwise transient length is necessary. As a preliminary
assumption, it is being assumed that these quantities still scale with Reynolds numbers as
previously discussed; the highest Reynolds numbers considered are still of the same order
of the typical Reynolds numbers reported in literature, i.e. within three or four times the
magnitude. Then quoting from the only work in literature where the streamwise transient
length has been studied for a number of conditions: Quadrio & Ricco (2003), noted a
temporal transient whose duration increased with increasing wall phase speed, as shown
in figure 2.43. Quadrio & Ricco (2003) assumed a convection velocity of 10uτ to convert
the temporal transient into a spatial one. For a spanwise phase speed of W+m = 6, the
streamwise transient length was found to be close to 3,000 viscous units while for W+m = 18,
the streamwise transient length was 9,000 viscous units. The streamwise length of 3,000
viscous units for W+m = 6 is in close agreement with that quoted in the experimental work
by Choi et al. (1998): W+m = 6 and a transient length of 5δ. Furthermore the streamwise
length of about 7,000 viscous units for W+m = 11 is in close agreement with that quoted in
the experimental work by Ricco & Wu (2004): W+m = 11 and a transient length of 3.2δ.
The dimensional length corresponding to the non-dimensional streamwise transient lengths
presented in Quadrio & Ricco (2003), in figure 2.43 are calculated for progressively larger
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Figure 4.12: Variation with freestream velocity of: the height of the linear sublayer (y+ = 5) at streamwise station
2.35m downstream of the flat plate’s leading edge and variation of dimensional frequency equivalent
to non-dimensional periods T+ = 50 and T+ = 100.
freestream velocities of this experiment. A graph of the dimensional transient length vs.
freestream velocity was plotted and is shown in figure 4.14. It is observed that for most of
the conditions of these experiments, especially at the lower wall velocity values expected,
a streamwise length of 0.3 m is sufficiently long to cover the streamwise distance of the
transient from the leading edge of the oscillating plate.
In much of the literature involving the use of a spanwise oscillations beneath a boundary
layer, the wall was made to oscillate with a boundary condition governed by
W = Wm sin(
2pi
T
t). (4.19)
In most cases the wall was driven at a non-dimensional period T+ = 100 with dimensional
quantities shown in figure 4.12. In their DNS, Quadrio & Ricco (2004) provide a map of
percentage drag reduction Cf,0−CfCf,0 ×100 by varying the period, amplitude and wall velocity
(Cf = 2τxρU2b
where Ub was the bulk velocity). This map is shown in its original form in
figure 2.36. The dimensional values equivalent to the non-dimensional parameters given
in the map have been found at the current experimental conditions for three freestream
velocities at 2.4 m downstream of the trip device. Figure 4.15 shows the three adapted
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maps.
The work by Quadrio & Ricco (2004) was a numerical study. Experimental studies such
as Ricco (2004), Choi (2002) and Choi et al. (1998), all involve a spanwise oscillating wall
different experimental conditions but indicate drag reductions of the same order as those
from numerical simulations. Figure 4.16 shows again the map of Quadrio & Ricco (2004)
with experimental results from other authors added to it.
4.3.2.2 Stokes layer
Of particular interest is the thickness of the generalised Stokes layer developed and how it
compares with the linear sublayer thickness. Taking the case where the freestream velocity
U∞ = 6.25 m/s, the required oscillation conditions are summarised in table 4.1. Figure
4.17 shows the 4 phases of the Stokes layer for the conditions specified in table 4.1.
From figure 4.17, the Stokes layer penetration height, i.e. that height at which the fluid
oscillates in phase with the wall (or the distance between two layers which oscillate in
phase) can just be made out to be close to 2 mm (2× pi× 2νn ) but as explained in chapter
2, the layer which actually oscillates has a thickness of δs = 4.6
√
2ν
n equal to 1.5 mm.
Comparing this figure of the Stokes layer thickness to figure 4.12, it is shown that the
linear sublayer thickness is of the same order as the higher velocities of the generalised
Stokes layer.
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obtained by using a convection velocity of 10uτ and using the temporal transient plots presented
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+
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and for W+m = 18, a non-dimensional time of 900.
Non-Dimensional Dimensional
Period T+ = Tu
2
τ
ν = 100 0.0227 s
Frequency equiv. to T+ = 100 f+ = fν
u2τ
= 0.01 44 Hz
Friction velocity uτ = 0.26 m/s
Freestream velocity U∞ = 6.25 m/s
wall unit 1 ν/uτ = 56 µm
linear sublayer height 5 290 µm
amplitude of oscillation z+ = zuτν = 69, 104, 138 4, 6, 8 mm
Table 4.1: The conditions for the current experiment.
92 Chapter 4. Wind tunnel setup and Experiment Design
Figure 4.15: The drag reduction map (percentage drag reduction, defined here by Quadrio & Ricco (2004) as
100× Cf,0−Cf
Cf,0
where, Cf =
2τx
ρU2
b
) for a spanwise oscillatory wall as given in Quadrio & Ricco (2004)
and as adapted for three freestream conditions in the current setup. The freestream conditions chosen
were 5.0ms−1 (top figure), 7.5ms−1 (middle) and 10.0ms−1 (bottom figure). The friction velocity
for these cases was established from equations 4.18. The ordinate is the wall maximum speed W ,
the abscissae is the period T while hyperbolae are curves of maximum peak-to-peak displacement
Dm. The size of the circles is proportional to the percentage drag reduction with the numerical value
reported inside.
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Figure 4.16: The map of Quadrio & Ricco (2004) with experimental data cases from other works namely Ricco
(2004)(red), Choi (2002)(blue) and Choi et al. (1998) (green). The size of the circles is proportional
to the percentage drag reduction with the numerical value reported inside. The hyperbolae are curves
of constant maximum non-dimensional displacement D+.
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Figure 4.17: The Stokes layer at the set of conditions highlighted above, i.e. frequency of oscillation of 44 Hz
corresponding to T+ = 100. The labels ‘nt’ indicate the phase of the wall motion, where n =
2× pi × f . The peak-to-peak wall amplitude was varied between 4 mm and 12 mm.
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4.4 Air-bearing–force-transducer assembly
4.4.1 Air-bearing
A steel frame was designed and fabricated to provide a sound datum for an air-bearing
that was designed by former colleague Mr. Aki Pakarinen and developed in-house. The
air-bearing consists of two main pieces: a bottom aluminium block containing a pressure
plenum into which compressed air is pumped via two push-fit connectors, figure 4.18. Air
in this plenum is allowed to escape to the top surface through a series of small holes
accurately drilled into this bottom block. The top aluminium block comprises the floating
element, whose bottom surface meshes with the bottom block top face, as shown in the
coloured profiles in figure 4.20.
Figure 4.18: A schematic of the air-bearing design.
Three adjustment screws coming down from the steel frame attach to the bottom part of
the air-bearing and allow for adjustment in height and in accurate levelling. Four pins
were screwed into tapped holes in the floating element of the air-bearing. These pins
pass through four holes in the aforementioned thin sheet of wood, figure 4.7, (preventing
contamination of the boundary layer by the lifting air) and then the surface under test is
screwed down onto these pins. The air-bearing requires only a small supply-air pressure,
(typically 5 psi) to operate and create a frictionless floating surface.
Figure 4.19: The steel frame that provides a solid datum for the air-bearing mounted in the wind tunnel and the
air-bearing (floating element shown).
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Figure 4.20: A view of the air-bearing from the bottom (this is the bottom view of the steel-frame–bearing assembly
shown in figure 4.19). The air-bearing is shown hanging from pins whose length can be adjusted for
bearing-levelling purposes. The cross-sections of the top (floating element) and bottom (pressure
plenum) parts are shown shaded. Also shown are the lifting air supply ports and parts of the plates
upstream and downstream of this middle portion.
4.4.1.1 The importance of zero-pressure gradient
The existence of a zero-pressure gradient above the air-bearing assembly is very important.
If a streamwise pressure differential were to exist across the length of the air-bearing, then,
the upstream and downstream faces of the floating plate would be acted upon by different
values of pressure and hence a force imbalance would be registered as an extra force on the
load-cell. Such a force, if constant, would not make a difference in measurements where the
important quantity being sought is the relative change in friction drag before and during
actuation. However for measurements of absolute quantities of drag and comparison with
theoretical values, absolute measures are obviously important. For each of the experiments,
the static pressure differential was made as small as possible.
4.4.2 Force transducer (Load cell)
The load cell used as part of the direct measurement of friction drag system is an isometric
force transducer from Hugo Sachs Elektronik - Harvard Apparatus GmbH, model F10.
This model’s range of the mass it could measure is ±10 grams over a displacement range
of ±60 µm and is set up as a full ohmic bridge with nominal resistance of 1 kΩ. The F10
comes with a hook mounted on a husk which slips out in the event of over-loading hence
providing some protection to the transducer in pulling. The transducer was connected via
its 4-core cable to a Fylde bridge amplifier. Two of the cores are the power supply and
return; the other two are the signal supply and return.
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Figure 4.21: Left : A photo of the force transducer used to measure friction drag mounted on an optics table and
hooked to the floating element. The stop screwed to the bottom part of the air-bearing and which
stops the top-part from crashing into the force transducer is also shown. Right : The force transducer.
In order to provide precise control on the position of the load cell relative to the top side
of the air bearing, the former was mounted onto an optics steel extended contact bearing
linear stage from OptoSigma model number 122-0025 supplied by Laser 2000 in the UK.
This has a micrometer resolution of 10 µm and a minimum increment of 3 µm. The
force transducer has a linear characteristic between force applied and voltage output. The
force transducer was calibrated by securing it vertically in a purpose-built clamp and the
Fylde bridge amplifier was zeroed. The gain on the amplifier was set so that the expected
forces to be measured in the wind tunnel resulted in a substantial force transducer voltage
output within the saturation voltage of the data acquisition card. Several calibration
weights were then hung from the hook and the analogue voltage output acquired through
a data acquisition card. A linear regression through the data points obtained the slope of
the characteristic. A typical calibration characteristic is shown in figure 4.22.
When set up as part of the direct measurement of friction drag system, the force transducer
was prepared by mounting it on the optics slide, and with its hook not touching anything,
the Fylde bridge amplifier was balanced. The hook on the transducer was then inserted
into the loop bolted onto the floating element and the lifting air to the air bearing was
switched on. Care was taken to prevent damage to the transducer by providing two
stops upstream and downstream of the floating element which allowed only ±60 µm of
streamwise travel (equal to the full transducer movement for full scale force) of the floating
element. However, for the results presented in this chapter and in chapter 8, these stops
were removed in order to simplify the procedure and ensure no unknown factors influenced
the data. The transducer was moved upstream on the optics traverse while continuously
monitoring the transducer output voltage ensuring it remained close to zero. A transducer
voltage output was first registered when the transducer hook first came in contact with the
loop on the floating element. The transducer was gently moved further upstream, pulling
the floating element until the upstream stop was hit. At this point, the two stops were
lowered and the system was therefore ready for measurements.
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Figure 4.22: The force-voltage characteristic of the Hugo Sachs - Harvard Apparatus force transducer F10.
Figure 4.23: A schematic of the current air-bearing design (top) and of the proposed wrap-around design (bottom).
4.4.3 Improvements to the air-bearing–force-transducer system
With the benefit of hindsight it slowly emerged how important were the subtle changes
recommended to the designer of the air-bearing during the design phase. At this phase,
technicians at the Main Workshops of the Department of Aeronautics were recommending
that the floating element of the air-bearing should be designed such that it wraps around
the bottom part of the air-bearing. In such a design, air would be ejected from the
bottom part in all directions, hence constraining the floating element in all directions and
moments besides the intended streamwise direction, as shown in figure 4.23. Unfortunately
this advice was not heeded and the current air-bearing design constrains the vibrations in
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all directions only weakly. Hence when the air-bearing is operated, a dc signal representing
the mean drag is obtained from the transducer, with however, a superimposed ac signal
which has a peak-to-peak amplitude of the same order as the mean. The ac component is
a result of vibrations that the floating element of the air-bearing experiences as a result
of an inherent aero-elastic instability that develops. This vibration is picked up by the
force transducer in conjunction with the mean force due to friction drag. Figure 4.24, left
shows a typical signal from the force transducer and figure 4.24, right is the spectrum of
the same signal showing two distinct peaks, a major one at about 3 Hz which is believed
to be the natural frequency of the aero-elastic interaction: the mass in this resonance is
the mass of the bearing floating element, the stiffness comes from the lifting air jets and
the damping from friction drag established between the floating element and the lifting
air. There is also a second, smaller resonance at 8 Hz.
Figure 4.24: Left: A typical time-series of the output of the force transducer. Right: A frequency spectrum of the
signal.
4.4.3.1 Lifting air supply system
The air-bearing lifting-air was obtained from the departmental air-supply system compres-
sor. A flexible long pipe was connected to the bayonette-type connection in the lab and
this was followed by a quarter-turn shut-off valve. This was followed by a control valve
and conditioning unit from Spirax-Monnier. The low-pressure air was then led to the
air-bearing supply ports via push-fit piping. It was initially suspected that the vibration
experienced by the air-bearing was due to a resonance in the piping. Hence a buffer volume
consisting of a large reservoir with an input port and an output port was introduced in
line with the piping, after the control valve and before the air-bearing to act as a damper
to the air-supply. However the signal from the force transducer did not experience any
change neither in the typical amplitude nor in its frequency content. A schematic of this
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pneumatic supply system is shown in figure 4.25.
Figure 4.25: A schematic showing the arrangement of the pneumatic components supplying lifting air to the
air-bearing.
4.4.3.2 Vibration dampers
Extensive efforts were devoted to correction aids that would enable a cleaner mean signal to
be obtained. A laser-triangulation sensor from OptoSigma model number optoNCDT2200
was used to monitor the extent of the vibrations in the streamwise direction and it was
found that there is a mean movement of the force transducer hook of typically 6 µm and
a superimposed ac signature due to vibration of ± 4 to 6 µm. It was thought that such
a small amplitude vibration at a frequency of O(3) Hz would not present a significant
velocity for any vibration damper to attenuate. Nevertheless two vibration dampers were
developed and tested, an oil damper and a magnetic damper. The former introduced a
hysteresis in the measurement and the latter did not provide any evidence of attenuation.
4.4.3.3 Lever system for semi-isometric operation
When the damper installations and testing did not yield the required result, upon further
thought it was established that an alternative solution to the vibration problem was to
allow further movement of the air-bearing for a given friction drag force. This required a
non-direct connection of the force transducer hook to the floating element. In reference to
figure 4.26 (top) which shows the original system installation, when a friction drag force
acts on the frictionless floating element, the element moves slightly in the direction of
the force until enough force develops in the force transducer to balance the external drag
force. Since the force transducer is designed to attain a displacement of ±60 µm for an
applied force of ±10 grams, a typical drag force of 1 gram moves the transducer hook by
6 µm. Now if the floating element has an inherent instability vibration of ±4 to 6 µm,
this leads to the typically observed ‘noisy’ signal. On the other hand, referring to figure
4.26 (bottom), where a lever system has been introduced, a friction drag force of 1 gram
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on the floating element requires a force of 3 grams at the transducer hook to balance the
moments about the lever fulcrum. On the other hand, for the transducer to develop a
restraining force of 3 grams, the hook needs to be displaced by 3× 6 µm =18 µm. If the
moment arm is assumed stiff, then a displacement of 18 µm at the transducer hook implies
a movement at the floating element of 18 µm×3 =54 µm. 54 µm for the friction drag force
is substantially larger than the inherent instability vibration of ±4 to 6 µm and hence a
better signal-to-noise ratio is attained.
Figure 4.26: Top: The original air-bearing–force-transducer system with a direct connection between transducer
and floating element. Bottom: The lever system incorporated to improve the mean signal of the force
transducer connected to the floating element of the air-bearing.
4.4.4 Direct drag measurements obtained using the air-bearing-force-
transducer system
The air-bearing-force-transducer system was levelled and set up carrying a wooden, pol-
ished flat-plate which was itself adjusted until there was approximately a 0.5 mm gap all
around, and the plate edges were flush with the surrounding plate. Using the tunnel PID
controller, the freestream velocity was adjusted to the value at which the experiments were
to be conducted. Then using the PID controller, small percentage changes were imparted
to the freestream velocity which, after a period allowing for stabilisation, was measured
together with the friction drag. The transition from one velocity value to another was
varied from an impulsive step to a gentle ramp for each test. Figure 4.27 shows the results
from one of these trials. Such an exercise achieved two aims: the direct measurement
of the friction drag value at the velocity of the main experiments as well as a sensitivity
exercise for the air-bearing-load-cell system.
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Figure 4.27: A plot of the variation in measured friction drag vs. small changes in the freestream velocity.
4.5 3D Traverse mechanism
A 3-dimensional traverse system consisting of two computer-controlled axes (the spanwise
and the wall-normal) and a manual third axis (the streamwise) was designed and built
over the roof of the tunnel at the location where the section under test could be reached
with a sting. The spanwise and wall-normal direction slides are Rose-Krieger compact
linear units with a travel of 10 cm driven by stepper motors. The stepper motors are
controlled via a bespoke control unit built in-house with extensive help from Dr. David
Birch which serves as an interface between the digital output ports of a DAQ board and
the motors. The stepper motors were wired in such a way that one click of the motor
turned the drive shaft by 0.9 degrees giving 400 clicks to cover a revolution. The spindle
on the Rose-Krieger slides has a pitch of 1 mm and hence combined with the 400 steps
per revolution that the stepper motor drive shaft goes through, a step length of 2.5 µm is
achieved.
A sting with an aerofoil profile was bolted to the sliding tables of the traverse system and
a hot wire probe holder was attached at the end of this sting using a Perspex block.
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Figure 4.28: A schematic showing the arrangement of the pressure transducer, the Furness FCO510 micromanome-
ter and the hot wire anemometry system.
4.6 Hot wire anemometry and freestream velocity measure-
ments
A hot wire anemometry system was set up as shown in figure 4.28. A constant-temperature
anemometer (CTA) from DISA, model 55M10, was used to power and monitor a single,
miniature, hot wire mounted at the end of a probe holder and a standard 5 m long BNC
cable. The typical procedure of zeroing the anemometer when a shorting probe is in place
of the hot wire was followed. The shorting probe was then replaced with a hot wire
and the probe’s resistance was measured using the CTA. An overheat ratio of 1.5 was
selected. This somewhat lower value in the overheat ratio, compared to 1.8 as reported in
other works, was selected to minimise the heat loss to the actuator surface and hence the
influence that this has on the velocity measurements.
The hot wire was calibrated against the freestream velocity in the wind tunnel as measured
by a Pitot-static probe mounted through one of the tunnel walls extending well into the
freestream. During calibration, the hot wire was brought close to the Pitot-static probe
using the traversing mechanism. The difference between static and stagnation pressures
as given by the Pitot-static probe was measured with a Furness Controls Ltd. differential
pressure manometer model FCO510. Initially, the FCO510’s 0-to-5V-analogue output (for
a pressure range of 0 to 200 Pa) was utilised as the source of the pressure measurement but
following some analysis on the quality of the pressure measurements, this was eventually
superseded by the FCO510’s RS232 connection. This change was prompted by a) the 10-
bit DAC module inside the FCO510 which gave a voltage resolution of 0.00488 volts/bit or
0.19531 Pa/bit and b) the uncertainty of the output analogue voltage at zero differential
pressure. The RS232 output, on the other hand has a resolution of 0.01Pa and there are
no issues with the output voltage at zero differential pressure. The FCO510 has a live-
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Figure 4.29: The voltage spike and the corresponding pressure spike during automatic zeroing of the Furness
FCO510 micromanometer.
equalising facility which zeroes the unit online eliminating drift. For these experiments,
these equalising procedure was programmed to occur automatically every 15 minutes. A
plot of the analogue voltage output vs. time for when the equalisation occurs is shown in
figure 4.29. It is observed that an 8mV spike occurs when the equalisation valve opens
and another 8mV spike when the valve closes. This is approximately equivalent to 2 bits
or about 0.35 Pa and hence its effect on a time series acquisition of pressure is considered
negligible. No such effect was observed in the RS232 data.
A typical calibration curve of a hot wire probe using King’s Law (E2 = A + B · Un) is
shown in figure 4.30. In the figure there are also the values of the King’s Law constants
A, B and n together with values at the 95% confidence interval, the sum of squares due to
error (SSE) and the residual value R2 as indications of the goodness of fit of King’s Law
with the constants found to the real acquired data.
In later cases, data conditioning was introduced for the hot wire signal. An amplifier set
was included in the setup such that the anemometer output prior to being acquired was
amplified and dc shifted so that the velocity range expected in the experiment produced
as large a voltage range as possible for the DAQ card so as to improve the resolution. A
filter set was also introduced and the data were low-pass filtered before sampling. The
amplifier and filter sets were built in house by post-doctoral researcher David Birch. The
low-pass frequency cut-off of the filter will be reported in the chapters where the data are
presented. Since in these cases, the hot wire amplified voltage representing the velocity
spanned a voltage range of about -9V to +9V, King’s Law could no longer be used as
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Figure 4.30: Typical calibration data (volts vs. velocity) (red circles) of a hot wire probe curve-fitted to King’s
Law (blue curve).
the calibration characteristic since the negative voltages prevent one velocity value from
having one unique voltage value. In these cases, a 4th order polynomial was incorporated
such that U = C0 + C1 · E + C2 · E2 + C3 · E3 + C4 · E4 where constants C0 to C4 are
calibration constants.
Hot-wire traverses were normally begun with the hot wire close to the wall moving out-
wards into the freestream. When the hot wire was brought to its closest position to the
wall, the distance between the probe and the wall under investigation was found by observ-
ing the hot wire through a high-magnification microscope. This typically required strong
lighting for good visibility through the optics; a projector was usually utilised. Extra care
was taken with the lighting when the surface onto which the measurements were to be
conducted was a polymer. It was found that the radiation from light sources made the
surfaces expand slightly and sag, hence altering the hot wire position datum. In such
cases, the surface was followed by a large-stand-off triangulation laser profilometer and
the lighting switched off for a period when excursions of the surface were observed.
The temperature in the wind tunnel was measured with a thermocouple driven by an
industrial grade 1/8 DIN economical temperature panel meter from Omega, model number
DP119-KC2-230, with an analogue output. This setup had a resolution of 0.1 ◦C. Such
direct temperature acquisition enabled temperature corrections of hot wire data in the
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Figure 4.31: The hot wire and its reflection in the plate surface as the former is lowered towards the wall. The
image was taken through a microscope.
form of:
ecorr = eraw ·
√
Twire − Tref
Twire − Tatm , (4.20)
Jorgensen (2002), where: ecorr is the corrected voltage, eraw is the acquired voltage, Twire
is the wire operating temperature, Tref is the reference ambient temperature during cal-
ibration and Tatm is the ambient temperature during acquisition. On other occasions,
rather than calibrating only at the beginning of the scan and then correcting the hot wire
data for temperature changes, an interpolation procedure was adopted. In this latter case,
a calibration was carried out both before and after the scan. Then the hot wire voltages
were converted into velocity using a calibration curve interpolated from the two calibra-
tion curves according to the time elapsed between the two calibration curves. In either
method, if the temperature change in the wind-tunnel between the start and end of the
experiment exceeded 1.5◦C, the data set for the particular run was discarded.
The DISA CTA has an in-built circuit to conduct a square wave test on the hot wire probe.
fc =
1
1.3∆t
, Jorgensen (2002), (4.21)
The cut-off frequency fc calculated using equation 4.21 was approximately 20 kHz.
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The DAQ board used for data acquisition is from National Instruments model number
NI-6259 which was configured to have sixteen differential 16-bit analogue inputs and a
sequential scanning frequency of 1MHz.
Chapter 5
Uncontrolled Turbulent Boundary
Layer Characterisation
This chapter reports single, miniature hot wire measurements and direct friction-drag
measurements in a turbulent boundary layer in order to characterise the flow on which
wall-based control will later be imposed. The baseline data obtained, showing good demon-
stration of repeatability, is plotted and compared with data obtained from literature mainly
reported in Fernholz & Finley (1996).
5.1 The mean velocity profile and flow parameters
Figure 5.1 shows streamwise mean velocity profiles presented normalised by inner variables.
Table 5.1 shows the relevant parameters for two runs at 6.25 m/s. The alternative shape
factor νSF was suggested in Schlichting (1968) and is defined as:
νSF = 1−
(u(δ2)
U
)2
(5.1)
Furthermore, J. Pretsch, as quoted in Schlichting (1968), suggested a relationship exists
between the shape factors H12 and νSF given by:
νSF,Pretsch = 1−
[ H12 − 1
H12(H12 + 1)
]H12−1
. (5.2)
The values calculated from equations 5.1 and 5.2 should hence be of the same order.
The shearing stress at the wall was calculated from the theoretical expression derived in
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U δ δ1 δ2 H12 νSF νPretsch Reδ Reδ1 Reδ2 τ0 uτ
m/s mm mm mm N/m2 m/s
6.25 50.1 8.16 5.60 1.46 0.579 0.609 16890 2750 1890 0.084 0.269
6.25 50.2 7.85 5.48 1.43 0.562 0.594 16880 2640 1844 0.088 0.269
Table 5.1: Table showing the relevant parameters that describe typical base flows investigated.
Schlichting (1968):
τ0
ρU2
=
α
(Uδ2/ν)1/n
(5.3)
where α and n (n is the index in the power law used to model the boundary layer profile)
depend on the Reynolds number. As reported in Schlichting (1968), Prandtl suggested the
use of the value α = 0.0128 for a value of n = 4 while Falkner suggested α = 0.0065 for
a value of n = 6. Given the Reynolds number of the flow, a value of n = 6 in the power
law is more relevant and using the Falkner relationship, a value of τo of 0.084 N/m2 was
obtained. This gives a value for the friction velocity uτ = 0.269 m/s which compared to
other methods of estimating uτ such as direct measurements or the Clauser plot, may be
an over-estimate.
5.2 The rms velocity profile
Figure 5.3 shows a collection of rms streamwise velocity profiles as obtained in runs in this
project and compared with data extracted from Fernholz & Finley (1996). The data are
normalised by inner variables.
5.3 Higher-order moments: the probability distribution func-
tions, skewness and kurtosis
Figure 5.4 shows a collection of probability distribution functions of the fluctuating com-
ponent of the streamwise velocity at various wall normal locations for one of the runs in
this project. The profiles are seen to change substantially as one moves away from the wall
and if the tails are observed, an idea of the skewness and kurtosis distributions can readily
be obtained. Figures 5.5 and 5.6 shows respectively the calculated skewness and kur-
tosis distributions which match those expected by observing the probability distribution
functions.
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Figure 5.1: Mean velocity profiles normalised using inner quantities uτ and ν from runs in this project and com-
pared with data extracted from Fernholz & Finley (1996).
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dy from runs in this project and compared with data extracted from Fernholz & Finley
(1996). The values of M and N for the fit are M = 4.7 and N = 6.74.
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Figure 5.3: rms velocity profiles from runs in this project compared with data extracted from Fernholz & Finley
(1996).
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Figure 5.4: Probability distribution functions of the fluctuating component of the streamwise velocity at various
wall normal locations for the case with U∞ = 6.25 m/s. Note the change in the scale of the ordinate
axis between successive plots.
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Figure 5.5: Skewness distribution for runs in this project compared with data extracted from Fernholz & Finley
(1996).
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Figure 5.6: Kurtosis distribution for runs in this project compared with data extracted from Fernholz & Finley
(1996).
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5.4 Skin-friction coefficient
Figure 5.7 shows the variation of the skin-friction coefficient with Reδ2 as obtained from
Fernholz & Finley (1996). On the same plot are three cases where Reδ2 has been ob-
tained from a hot-wire wall normal scan and the skin-friction coefficient from a direct
measurement using the drag-balance. Two other cases where the skin-friction coefficient
was obtained by using the Clauser method as described in Young (1989) were also plotted
on the same figure.
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cf/2 = [1/K . ln(uτ.∆/ν) + C − N + (1/K − M).ln(y/∆)p]
−2
where:
K is von Karman’s constant
M, N are constants in the outer semi−logarithmic profile
∆ is the Rotta Clauser boundary layer thickness
C is the constant in the "universal" semi−logarithmic velocity profile
and subscript p indicates the intersection of the inner and outer
semi−logarithmic profiles
Figure 5.7: Variation of the skin-friction coefficient cf with Reδ2 as obtained from Fernholz & Finley (1996).
Also plotted on the figure are three direct-measurement cases where the skin-friction coefficient was
obtained from the floating element of the air-bearing and two cases where the skin-friction coefficient
was obtained from the semi-empirical relationship of Clauser as described in Young (1989).
Figure 5.8 shows the variation of lnuτ∆ν with Reδ2. Also plotted on the same figure are
two results from hot wire wall-normal scans. In each case, for the value of Reδ2, the
corresponding value on the y axis can be calculated from either lnuτ∆/ν where ∆ is the
Rotta-Clauser boundary layer thickness) or from lnReδ1. Both have been calculated and
plotted in figure 5.8. The values of uτ in these cases were obtained from the Clauser
method as described in Young (1989).
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Figure 5.8: Variation of Reδ1 or lnuτ∆/ν with Reδ2 as obtained from Fernholz & Finley (1996) (∆ is the Rotta-
Clauser boundary layer thickness). Also plotted on the same figure are two hot wire wall normal scans
where for the value of Reδ2 on the abscissa, the value on the ordinate was first calculated from Reδ1
and then from lnuτ∆/ν. The values of uτ in these cases were obtained from the Clauser method. ∆
is the Rotta-Clauser boundary layer thickness.
5.5 Direct skin-friction measurement
The air bearing described in section 4.4 was used to measure the force on a 0.3 m × 0.3 m
flat plate mounted on the floating element of the air-bearing. The freestream velocity of
the wind-tunnel was varied in steps of approximately 0.2 m/s and at each step, repeated
readings of the force acting on the plate were recorded. These are shown in figure 5.10. It
must be noted that, in these measurements, the wind-tunnel ceiling was not adjusted for
zero-pressure gradient at each case; hence some of the data were obtained with a slight
positive pressure gradient and some with a negative pressure gradient. The ceiling was set
such that at 6.25 m/s, the streamwise pressure gradient was zero.
An interesting feature in figure 5.10 is the almost-flat value for the force with increasing
freestream velocity at lower velocities. This is due to the measurements being taken
with the use of the protective stops on the air-bearing-force-transducer assembly and is
explained here. In this experiment, before the wind-tunnel was switched on, with the
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Figure 5.9: The two scenarios seen by the direct friction drag measurement system.
air-bearing on, the force transducer was gently moved upstream on its traversing slide,
pulling on the floating element. When the floating element hit the upstream stop, the
transducer was moved a few micrometers further upstream introducing a pre-run strain
and hence a pre-run force. Referring to the schematic in figure 5.9, consider forces on the
floating element. When the tunnel is switched off, the reaction from the stop equals the
pre-run force measured by the force transducer.
Ftransducer = Fstop−reaction (5.4)
When the tunnel is switched on, as the velocity is increased, the shear force on the surface
under test starts to increase. This change is however, initially not captured by the force
transducer. As shear force starts to increase, the reaction force starts to decrease keeping
the force measured by the transducer constant (as the floating element has not yet moved).
Ftransducer = Fstop−reaction + Fshear (5.5)
As the tunnel speed increases further, Fshear increases accordingly and Fstop−reaction → 0.
At the point when Fstop−reaction = 0, the floating element just comes off the stop and at
this speed and at higher speeds,
Ftransducer = Fshear. (5.6)
The almost-flat value for the force in figure 5.10 is hence the pre-run force recorded by the
force transducer before the floating element came off the upstream protective stop.
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Figure 5.10: Variation of the force on a flat-plate 0.3 m × 0.3 m mounted on the floating element of the air-
bearing as measured by the force-transducer. Also on the same figure are empirical characteristics
(solid lines) of force as obtained from equation 4.18. Two other data points represented by circular
dots (red) represent the force as calculated from a hot wire wall-normal scan using a semi-empirical
equation from Schlichting (1968), equation 5.3. At the velocities of interest, i.e. at around 6.25 m/s,
the repeatability in measurement has been estimated to be approximately ±2.5%.
Chapter 6
Development of Electroactive
Polymer Actuators
“A pervasive challenge associated with almost all experimental flow control studies has
been the development of effective, robust and efficient actuators.”
Breuer et al. (2004)
6.1 Introduction
This chapter reports research performed to provide sufficient knowledge about electroactive
polymers in order to be able to build reliable actuators. The work carried out on the
in-plane actuators is also reported here while other work carried out on other actuator
geometries made from EAP (such as an out-of-plane actuator prototype) is presented in
the Appendices.
6.2 Binary Electrodes - building, issues and final mixtures
Kofod (2001) states that the term ‘compliant’ implies the ability of a thin, conducting elec-
trode to follow the strain of the elastomer without losing any conductivity and without
imposing any opposing stress. Another desirable feature of such electrodes is their robust-
ness, i.e. the ability to retain their mechanical and electrical integrity during prolonged
actuation and when exposed to natural elements. The electrode technology hence plays
a major role in the development of effective and practical actuators and sensors based on
the dielectric elastomer principle.
In this section the development and testing of binary electrodes made from the mixture of
conductive flakes and a silicone matrix is reported. Several experimentalists have worked
with such electrodes in the past but very few results about the effect of the electrode
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on the electro-mechanical behaviour of the actuators, such as the stiffening effect of the
electrode or the strain (during actuation) effect on the resistivity of the electrodes have
been published.
During an attempt to build EAP stacks, unimorphs and bimorphs, where the electrode
interface between layers needs to be electrically conductive and also able to transmit
forces, a private communication with Kornbluh (2007) of SRI Inc. resulted in the advice
that “...electrodes can also be made by mixing conductive particles with a variety of
polymer binders, including silicone. Thus you can use the electrode itself to bond.” Kofod
(2001) prepared cast samples of varying percentage volumes of graphite powder inside a
Dow Corning Sylgard 184 silicone background and investigated conductivity around the
percolation threshold and their conductivity spectrum. This work was then extended to
the development of compliant electrodes. Kofod (2001) explored electrodes made from a
non-curing grease (consisting of a PDMS oil and suspended Ketjenblack graphite) and also
from a curing mixture of a one-component silicone and Ketjenblack. Values of resistance
only as measured by a multimeter were reported.
6.2.1 Methodology
It was recognised from the outset that any unnecessary overloading of the silicone matrix
with graphite would lead to unwanted extra stiffening of the underlying dielectric sheet.
Following from the findings reported in section 3.1.6.1, a type of conductive filler namely
Conductograph GFG5 was acquired. This is a highly conductive expanded graphite powder
from SGL Carbon Group of SGL Technologies GmbH. GFG5 has a flake size of D50 = 5µm,
a real density of 2.25 g/cm3 but a powder density of only about 0.15 g/cm3 indicating its
excellent packing characteristics for graphite loading purposes as explained above. Graham
Arthur of Rutherford Appleton Laboratories (RAL) took some SEM images of GFG5
revealing its flaky morphology, figure 6.1.
In order to suspend the graphite powder, it was necessary to thoroughly wet it in solvent.
This was attained by placing the graphite and solvent in a thin-walled glass sample bottle
and then ultrasounding the mixture by lowering the sample bottle in an ultrasonic bath
filled with water. Ultrasonic vibrations led to proper wetting of the graphite particles,
possible untangling of neighboring flakes and a uniform suspension. Initially Naphtha
V&M was used as the solvent but following advice from Derek Williams Wynn at Polymer
Systems Technology Limited (Nusil supplier, UK - private communication), a lower boiling
point solvent, Heptane, was adopted as the solvent in which the graphite powder was to
be suspended. The low-boiling point of the solvent allows it to easily evaporate while in
flight (i.e. most of the solvent evaporates before hitting the surface) and quickly off the
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Figure 6.1: SEM images of Conductograph GFG5 graphite taken by Graham Arthur of Rutherford Appleton
Laboratories (RAL).
surface thereafter hence minimally wetting the surface. This was also suggested by Kofod
(2001).
Proper precautions (as advised by Ann Maconnachie, Departmental Safety Officer, Depart-
ment of Chemical Engineering and Chemical Technology, Imperial College, private com-
munication) were taken when ultrasounding substantial volumes (hence requiring longer
ultrasonic mixing) of Heptane-graphite mixtures. Due to the very low flash point of Hep-
tane, a closed-loop cooling system was employed to cool the water inside the ultrasonic
bath and hence, also keep cool the Heptane-graphite mixture inside the sample bottle,
reducing the risk of ignition of the mixture. Figure 6.2 shows the setup of the ultrasonic
bath and cooling system employed.
There was also the chance to spend a few days at the Rutherford Appleton Laboratories
where a SpeedMixer Dual Asymmetric Centrifugal Mixer from Hauschild of Germany was
used to pre-wet the graphite and then to mix it into the silicone host. The SpeedMixer
exposes the material being mixed to very high ‘G’ loads ensuring better mixing.
The host silicone, the matrix, was also pre-wetted in Heptane prior to mixing with the
graphite in suspension. With the requirement of keeping to a minimum the amount of
stiffening by the electrode, a number of materials for the host silicone were considered.
The following is a short account of the experiments on each candidate, issues encountered
and the final selection.
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Figure 6.2: The setup of the cooling system (left) (mgw Lauda, model RM6, complete with temperature set-point
and indication) and ultrasonic bath (right) employed in the ultrasonic mixing of graphite with Heptane
solvent. The temperature set-point on the cooler was set to 2◦C and the temperature of the cooling
water (measured with a thermometer) settled at about 6◦C. (The temperature shown on the cooler
display is higher than that quoted above since the picture was not taken during an actual run).
6.2.2 Dow Corning (DC) Sylgard 184 two-part polydimethylsiloxane
Dow Corning (DC) Sylgard 184 two-part (raw elastomer and cross-linking agent) silicone
was first considered. Rather than using both parts, only the raw elastomer was utilised
with the aim to have a highly-compliant electrode through the uncured silicone-graphite
mixture. This one-part of DC Sylgard 184 was mixed with Heptane and thoroughly
agitated in an ultrasonic bath. The wetted Conductograph graphite and Sylgard 184
mixtures were then mixed and again agitated in an ultrasonic bath.
The resulting mixture was applied to masked, pre-strained thin silicone sheets (50 or 100
µm thickness) of Nusil MED-4905 or MED-4930 by spraying through an air-brush. Various
ratios of graphite to silicone loading, as given by equation 3.18 were tested, the range of
such ratios designed to identify the percolation threshold. On measuring the resistance of
1cm × 5cm strips using a multimeter, it was found that at approximately 6.5% volume
loading, a sudden drop in resistance (a percolation threshold) was observed.
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Figure 6.3: Schematic of the cooling system employed in the ultrasonic mixing of graphite with Heptane solvent.
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Figure 6.4: Variation of resistance with increasing number of layers applied and for different graphite loading
percentages into the host silicone.
It was noticed, however, that the stickiness of the uncured mixture disappeared with time.
Derek Williams Wynn (Polymer Systems Technology Limited) suggested (private commu-
nication) that the functional part of Sylgard 184 may have reacted with the polymer in the
cured Nusil MED-4905 or MED-4930 dielectric sheet. This led to further investigations
into the final state of the electrode. One recurring problem that was encountered was
the swelling of the underlying dielectric silicone sheets, an effect which was not initially
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noticed.
The source of the swelling was two-fold. Solvent-induced swelling (from any Heptane
which may hit the sheet) is a temporary effect; in fact all organic solvents cause swelling
of the silicone membrane but the membrane always recovers, (private conversation, Derek
Williams Wynn) as long as it is free-standing. This deserves a further explanation – if
prior to spraying, the silicone sheet is peeled off its backing and laid down on a surface,
the sheet typically sticks to the surface due to electrostatic charges. In this way, it is not
free-standing. If the sheet is then sprayed with the Heptane-silicone-graphite mixture, any
solvent hitting the exposed surface made it swell relative to the bottom surface, which, if
stuck to the underlying surface, could not swell. This introduced internal stresses which
are not fully released after the solvent evaporated. This leaves the un-stretched sheet
creased once it is peeled off the surface. To alleviate this problem, prior to spraying,
the sheet was peeled off its backing and placed into a temporary frame leaving both its
faces exposed and free-standing. A warm current of air was also set up to enhance the
evaporation of the solvent, so that all the Heptane evaporated in flight prior to hitting the
dielectric membrane.
The second cause of the swelling is from the silicone present in the Heptane-silicone-
graphite mixture. This problem was also encountered by Pope et al. (2004) as they de-
scribed how un-stretched silicone diaphragms sagged under the weight of electrode grease
and swelled with exposure to the silicone oil base in the carbon grease. In the present
work, Dow Corning Sylgard 184 and Nusil MED-4905 (or MED-4930) are both of the
same classification, namely polydimethylsiloxanes. Therefore the uncured part of the Syl-
gard acts like a solvent, swells and tries to break down the Nusil MED-4905 dielectric
membrane. From a private conversation with Derek Williams Wynn, it was established
that the Sylgard reacts with the silica filler and gets into the matrix by cleaving its way in
at the micro-level. In contrast to the solvent (Heptane)-induced swelling, this swelling is
permanent. In the case of actuators consisting of a non pre-stretched dielectric membrane,
the permanent swelling leaves the sheet in an undesirable permanently deflected state. On
the other hand, for actuators consisting of pre-stretched dielectric sheets, the permanent
swelling causes the final electrode to be bigger than the size of the mask because the
swelling is taken as in-plane permanent enlargement of the sprayed area.
6.2.3 Fluorosilicone consisting of a Trifluoropropyl molecule
With this new knowledge from the test on the Dow Corning Sylgard 184, a polymer of a
different classification than polydimethylsiloxane was considered. This is a fluorosilicone
consisting of a Trifluoropropyl molecule which is relatively large and hence sits on the
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Figure 6.5: (from left) An array of four EAP dimples: the encircled EAP dimple was sprayed with a mixture of
Sylgard 184, GFG5 graphite (ratio: 6.5% volume loading) and Heptane; a sprayed dimple with the
silicone-graphite mixture deposited onto the dielectric membrane and onto the surrounding gold ring
leads; a permanently swollen dimple after spraying (a coin is shown for comparison).
surface and does not penetrate the dimethyl matrix as easily. The Fluorosilicone has a
higher molecular weight and is therefore more resistant to absorption and less swelling is
seen. This led to experiments being conducted using Nusil MED-400 with a viscosity of
350 centiPoise (longer polymer macro-molecules make a solution more viscous, Polymer
Science Learning Centre, University of Southern Mississippi (2005)). One disadvantage of
Nusil MED-400 is that it cannot be diluted using ordinary solvents like Heptane. When a
MED-400 Fluoro - graphite mixture was successfully sprayed, no swelling of the dielectric
membrane was observed. However, Nusil MED-400 is a silicone fluid lubricant and conse-
quently it does not cure but remains relatively (as compared with the uncured Sylgard 184
for example) ‘runny’ making the electrode not at all robust. In fact the resistance of the
resulting electrode could not be measured because touching the multi-meter leads to the
electrode disrupted the deposited MED-400 Fluoro - graphite binary mixture. Figure 6.6
shows a sprayed mixture of MED-400 Fluoro and graphite as seen through a microscope;
on the left, circled, is an area where the mixture was disrupted when it was touched with
one of the leads of a multimeter in an attempt to measure the resistance.
6.2.4 Nusil MED-4901 two-part polydimethylsiloxane
Hence, naturally, the requirements steered the research towards a silicone with the same
classification as the sheets but with a substantially higher molecular weight. Nusil MED-
4901 two-part silicone is one of the softest polydimethylsiloxanes in the Nusil range. The
choice fell on this material primarily for two reasons - its very low modulus potentially
leading to a soft but cured/uncured electrode and its molecular weight. The MED-4901
molecular weight and silicon filler were deemed too large to migrate into the Nusil MED-
4905 or MED-4930 membranes making this material an attractive candidate. Experiments
using Nusil MED-4901 thinned with Heptane and Conductograph GFG5 graphite were
partially successful in terms of the swelling of the dielectric membrane.
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Figure 6.6: Sprayed mixture of MED-400 Fluoro and Conductograph GFG5 at a volume ratio of 6.5%. The
encircled potion on the left shows the disrupted sprayed mixture.
Considering the requirement to keep the amount of added graphite to a minimum to min-
imise stiffening, the identification of the percolation threshold is important. However the
persistent problem of underlying membrane swelling meant that a new threshold of no
swell needed to be identified, as shown in figure 6.7. With the introduction of the Nusil
MED-4901, a number of important parameters became clearer - the ratio of graphite to
silicone, the amount of the Heptane-silicone-graphite mixture sprayed and the underly-
ing dielectric membrane material. For example, preliminary results showed that there
is a minimum ratio of silicone (MED-4901):graphite ratio below which swelling of the
membrane still occurred. This ratio was found to be higher than the minimum graphite
volume loading for percolation. Increasing the percentage graphite in the mixture reduced
the percentage MED-4901, and hence its potential to migrate and cleave its way into the
membrane. Another parameter was the mixture amount actually sprayed: in some cases,
two or three wide strokes from the air-brush did not swell the membrane while applying
a fourth or fifth stroke caused permanent swelling. In some cases, swelling occurred even
after two days indicating a time-dependent phenomenon and suggesting material migra-
tion. The type of material of the dielectric membrane was also found to be a parameter to
consider. Some mixtures made Nusil MED-4905 sheets swell but not the Nusil MED-4930
ones. This is attributed to the comparative microstructures of MED-4930 and MED-4905,
the former being much more densely cross-linked so providing a more difficult path for the
MED-4901 relatively much larger molecular chains to cleave their way through.
6.2.4.1 Introduction of the Akzo Nobel Ketjenblack 600JD
It is clear that a type of expanded graphite which has a better capability to absorb liquids
than the GFG5 was required. The hypothesis was that graphite which readily absorbed
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Figure 6.7: A schematic of the two thresholds expected, one for percolation and another one, at a higher graphite
volume loading for no swell.
liquids would help keep the host matrix silicone and Heptane from migrating into the
dielectric membrane. Kofod (2001) suggests the Akzo Nobel Ketjenblack 600JD. During
preliminary tests it became clear that the 600JD has better liquid absorption character-
istics than the GFG5. While a typical binary mixture involving the GFG5 was made
from 2 grams of polymer (e.g. MED-4901), 0.3 to 0.4 grams of GFG5 and 10 grams of
Heptane, a mixture with the same quantities involving the 600JD required at least 25
grams of Heptane for it to be thinned down enough to be sprayed through an air-brush.
Samples of MED-4905 and MED-4930 were sprayed with a binary mixture consisting of
0.3 grams of Ketjenblack and 2 grams of MED-4901 part B and no swell was observed,
neither immediately due to the solvent nor with time due to material migration.
6.3 Brushed Electrodes - building and issues
Another attempt at building electrodes consisted of graphite powder brushed onto silicone
sheets using an artist’s paint-brush, a cotton-bud or a sponge applicator. The latter proved
to be the best in that the softness of the sponge prevented scratching the polymer surface.
The graphite used in early trials was a fine black powder from West Systems identified
as 423 Graphite Powder but this was soon replaced by Conductograph GFG5 expanded
graphite. The brushing was usually applied over stencils made from paper or backing ma-
terial (release liner). While this allowed good control of the electrode’s form, problems were
encountered in that sometimes some graphite powder was brushed underneath the mask,
a problem also encountered by Schlaak et al. (2005). Another problem was the uniformity
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of such electrodes: the brushing inevitably led to differences in thickness of the electrodes
with resulting changes in resistance across the electrode areas. The distribution of charge
across the electrode area depends on the local resistance and hence this leads to electrical
stress concentrations. Such stress concentrations are sites of possible premature failure of
the actuator through electronic breakdown and eventual arcing between electrodes. This
non-uniformity was mainly counteracted by continuing the application of graphite until
no more could be applied, a state often described as saturation. This saturation in the
application of graphite was indicated by the moment when application of more graphite
resulted in the extra graphite slipping over the polymer dielectric surface, i.e. forming an
excess and not sticking to underlying membrane. The three main advantages of applying
the electrodes by this process were:
1. the ease and low cost with which the electrode could be applied
2. that obvious defects in the dielectric membrane, such as scratches, inclusions and
included bubbles could be avoided by carefully applying graphite around them and
avoiding applying it across them. Such bubbles and defects were typical sites of
failure of an actuator
3. they are entirely compliant as they are made up of a network of graphite particles
in physical contact with each other, hence not presenting any restraining forces on
the expanding actuator. This last hypothesis is confirmed in section 6.4.5.1.
The silicone sheets used in these trials were cured Nusil MED-4905 250 µm sheets provided
by Polymer Systems Technology Limited and SCAPA 1130TL foamed acrylic (similar to
the 3M VHB-4910 acrylic tape reported in literature). The MED-4905 sheets do not have
any adhesive on either face but still do have a tacky feel which was found to be enough
to keep the graphite powder adhered. It was observed that this tackiness was higher in
materials with a low durometer Shore A value. Nusil MED-4905 has a durometer Shore
A value of 5 (ranging between 4 and 6 between batches) and has a higher tacky feel than
the Nusil MED-4930 whose durometer Shore A value is typically around 30. SCAPA
1130TL is a pressure-adhesive double-sided tape and hence the adhesive helped keep the
graphite powder adhered. In both material cases, low resistance electrodes were able to
be obtained when the GFG5 was applied using the sponge applicator. However given
the discrete nature of the electrode, compared to the sprayed silicone-graphite binary
network, the electrodes were found to deteriorate with time, albeit slowly. Moreover, with
actuation at high frequency, graphite particles shifted causing interceptions and changes
in resistance.
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Figure 6.8: The setup of the experiment for measuring changes in electrode resistance with electrode in-plane
strain.
The measurements of change in resistance with strain were carried out as described here.
Sheets of Nusil MED-4905 polydimethylsiloxane or SCAPA 1130TL were biaxially pre-
strained by 67% in one direction and 250% in the other in-plane direction. While still
in the biaxial pre-strain jig, Conductograph GFG5 graphite electrodes were brushed onto
these membranes using a sponge applicator. Foil leads were attached to the electrodes and
a digital ohm-meter connected across the leads. The membrane was then slowly stretched
in small steps in its low pre-strain direction, hence straining the electrode in the same
way as when a voltage is applied across it. The resistance of the electrode for each strain
level was recorded and a top-down photo with a scale in the image was taken. The photos
later enabled the determination of strain of the electrode. The foil-electrode interface was
refreshed with graphite just after each strain to ensure that the change in resistance was
purely due to the electrode strain and not due to a loss of contact between the electrode
and its lead. Figure 6.8 shows the setup of the experiment and figure 6.9 shows a typical
resistance-strain characteristic.
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Figure 6.9: Change in electrode resistance with strain.
6.4 Stiffening effects of electrodes
6.4.1 Introduction
In efforts to quantify the stiffening effects of electrodes (both sprayed-on binary ones and
brushed-on dry ones), a tensile test programme of virgin sheet specimens and electroded
specimens was undertaken. The first task in this programme was the establishment of a
reliable base case for comparison. Tensile tests of specimens of Nusil polydimethylsilox-
ane MED4930 sheets of thickness of approximately 100 µm were carried out in two test
facilities, each with an independent set of equipment, to ensure that the results were inde-
pendent of the test facility. In each case, a 10N load-cell was used on an Instron tensile-test
machine, model 4466 in Mechanical Engineering and model 4502 in Aeronautics. Before
each experiment, the load cell was checked by hanging calibration weights from it and
checking its output on the console as shown in figure 6.11.
6.4.2 Checks on the head displacement accuracy
In these experiments, the strain was calculated as the displacement of the moving head
divided by the original length of the sample between the clamps: therefore the displace-
ment as given by the console needed to be the same as the real head displacement. This
was checked as shown in figure 6.11 (b) by using a displacement dial to follow the head
movement and in all checks, the head displacement as given by the console was within 10
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Figure 6.10: Tensile tests on Nusil polydimethylsiloxane MED4930 in Mechanical Engineering and in Aeronautics
showing the repeatability of the results obtained from the two independent setups.
µm of the value given by the dial. The Instron tensile test machine consoles output the
displacement through the use of a rotary Moire fringe transducer and not through a linear
transducer. Hence in the event of backlash, the console reports a false head displacement
because while the lead screw is turning and the rotary transducer is sensing a movement,
the head is actually still static. It was hence ensured that in all tests the backlash was
removed by moving the traversing head in the direction of the test.
6.4.3 Comparison of average strain and local strain
In order to ensure that the strain as measured by the method of head displacement (hence-
forth called method 1 ), figure 6.12, was correct, (i.e. it is not an average strain with the
possibility that the middle of the specimen was under a larger strain), a method for mea-
suring the strain in the middle of the specimen (henceforth called method 2 ) was devised
and compared. In method 2, the strain in the middle of the specimen was measured by
making two horizontal marks separated by a distance of about 1 cm on the specimen and
close to its middle as shown in figure 6.13; the separation of these marks was then followed
optically as the tensile test machine head is moved.
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Figure 6.11: The 10 N load-cells used in Aeronautics and in Mechanical Engineering were both checked by hanging
weights from them and observing the output on the console. In both cases the output was very close
to was expected as indicated in the insets. (a) The test in Mechanical Engineering with a 1 kg weight
hung from the load cell. (b) The test in Aeronautics with a 100 g weight hung from the load cell.
Before the stretch commenced, a digital high-resolution image was taken and then during
the stretch, further images were taken at approximately every 2 mm extension. Figure
6.16 shows a series of subsequent images from which one of the data sets in figure 6.15 was
obtained. The strain in the middle of the specimen was obtained by taking the pixel count
between the two marks for every image, converting it to real dimensions using the scale
in the same image and dividing it by the distance between the two marks as measured
from the first picture. This strain was then compared to the strain obtained from dividing
the head displacement by the specimen original length. The two strains were plotted
against each other as shown in figure 6.15 together with a line at 45◦. When a 45◦ line is
drawn on the plot, it is seen that the data fall consistently on fairly straight lines shifted
up (3 specimens) or down (1 specimen) by about 3%. The fact that the data and the
45◦ line have the same gradient indicates that the two strains are increasing at the same
rate but that the upward (or downward) shift indicates that there was a small error in
the procedure. The local strain as calculated from the images (method 2) is defined as:
[the distance between the two marks at strain minus the original distance between the
two marks] divided by [the original distance between the two marks]. The total strain
as calculated from the dial (method 1) is defined as [the distance that the head moves
(measured by the dial)] divided by [the original length between clamps (as measured by a
Vernier calipers)].
For the data to lie consistently above the 45◦ line, there are four potential sources: i) the
distance between the two marks at strain as read from images is read consistently higher;
ii) the original distance between the two marks as read from the first images is read low;
iii) the distance that the head moves as measured by the dial is consistently read lower and
iv) the original length between clamps (as measured by a Vernier calipers) is read high.
With reference to figure 6.15 and the four error possibilities highlighted here, the first
two possibilities suggest that for a given ‘Strain from dial’, a higher ‘Strain from images’
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Figure 6.12: A schematic of a dog-bone shaped specimen in clamps with definitions of the original length and
displacement. The specimen was cut using an ASTM D-412D cutter but was clamped such that a
distance of about 30 mm was left between the clamps. Given the specimen width was 3 mm, its
aspect ratio was fixed at 10.
was read while the latter two possibilities suggest that for a given ‘Strain from images’, a
lower ‘Strain from dial’ was read. At a typical digital-to-mm conversion scale of 100 µm
per pixel for these images, an error of one pixel introduces an error of 1% in an original
length of 10 mm (the typical original distance between the marks on the specimen) but
introduces a relatively larger relative error in the strain. For a variable, x, with an error of
∆x in a function w = f(x), leads to the function being written as w = f(x)±∆w where
∆w = f ′(x) ·∆x. In this case, strain is given by ε = (l2 − l1)/l1. Hence ∂ε/∂l1 = −l2/l12.
Therefore ∂ε = (−l2/l12) ·∂l1. To get an idea of the order of the error expected, putting in
some numbers such as, original length l1 = 10 mm, final length l2 = 12 mm and an error of
1 pixel equivalent to approximately 100 µm, ∂ε = (−l2/l12) ·∂l1 = (−12/102) ·0.1 = 0.012.
The relative error given by ∂ε/|ε| = 0.012/((12 − 10)/10) = 0.06, i.e. 6%. Such an error
may explain error possibilities i) and ii). Error iii) is unlikely since it was read off the dial
captured clearly in the image with high camera shutter speed. However the same problem
features again in error iv) where the original length was measured with a Vernier calipers
of precision 0.1 mm.
Since the aim is to compare unelectroded specimens with electroded ones, it was decided
that these results fall substantially close to the 45◦ line to be able to conclude with consid-
erable confidence that the strain as obtained from the ratio of head movement to original
specimen length is sufficiently accurate. Given the unavailability of a proper extensometer,
this method was henceforth used to identify the strain in tensile tests.
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Figure 6.13: A specimen with horizontal marks close to its middle mounted in the clamps: (a) just before the
stretch and (b) at the end of the stretch. A scale in the same image allows a digital realisation of
real dimensions by analysing pixel count between the marks. An image per approximately 2 mm of
stretch was shot.
Figure 6.14: The setup to compare the two methods to measure the strain on the specimen.
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Figure 6.15: A plot of strain at the middle of the specimen as calculated from images vs. strain as calculated from
the ratio of the head movement to the specimen original length.
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Figure 6.16: A series of 16 subsequent images of a sample being stretched in a tensile machine. Two versions
of the value of the strain were obtained from these images: one value from the displacement in the
middle of the sample by measuring the distance between two marks on the sample and the second
value from the total displacement as measured by the dial.
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6.4.4 Tensile tests on virgin sheets
The change in sample length with stretching, ∆l (used to calculate the strain) was obtained
by recording the displacement of the tensile machine traversing head. The sample length,
l0, was measured as follows. During mounting of the specimen, the clamps were brought
close to each other to a distance smaller than the length of the specimen. In this state,
the load cell was zeroed. The lower clamp was then moved down away from the top clamp
so removing the backlash, until the force registered by the load cell (which when in an
unloaded state read a fluctuating value of force on the order of ±0.1 × 10−3 N) showed
more positive values than negative ones. Then, the specimen was just about to be put in
tension. At this point, the head location was zeroed and the distance between the clamps
was measured with a Vernier calipers with accuracy ±5µm giving the original length l0.
The specimen thickness t0 was obtained using a Vernier calipers with accuracy ±5µm by
measuring the thickness at the ends of the specimen, i.e. at the wider portions of the
dog-bone, and averaging them. The specimen width, w0 was taken to be 3 mm as this was
cut by the standard ASTM D-412D cutter although on some occasions the cutter appeared
to clip the material backing rather than cutting it cleanly resulting in a variable width.
Results from such specimens were rejected. The force F , was recorded from the load-cell.
Hence with these quantities, the terms stress σ = F/(t0 × w0) and strain  = ∆l/l0 could
be calculated. The tensile machine head was moved at 50 mm/minute and the data were
sampled at 10 samples per second. The polydimethylsiloxane specimens were peeled off
their backing very carefully so as not to subject them to any stress which could otherwise
lead to effects on the stress-strain curves due to the Mullins effect as described below.
The clamps were designed by Mrs. Florence Rosenblatt Weinberg and manufactured in-
house out of an acetal homopolymer resin called Delrin manufactured by DuPont which
provided a clean, smooth finish. This also kept the clamps’ weight down (approximately
320 grams) allowing the use of a small load cell (e.g. 10 N) without coming close to its
limit or overloading it. The smooth jaws of these clamps were covered with double-sided
adhesive tape to help prevent the specimen from slipping out during tensile tests.
Figure 6.17 shows tensile tests on Nusil polydymethylsiloxane MED4905 dog-bone speci-
mens loaded in three stages and showing the first loading curves in colour and subsequent
loading and unloading ones in black. The first loading (blue) up to approximately 140% is
followed by a controlled unloading. The next loading, again to 140% follows a character-
istic very close to the unloading one. The next loading curve, in red, up to approximately
160%, again closely follows the unloading curve until the maximum previous loading of
140% is reached, beyond which it starts to follow again the characteristic followed on the
first loading (i.e. in blue). The same is observed when the specimen is taken to a higher
stress level, up to approximately 205%, (magenta). This loading characteristic follows
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Figure 6.17: Tensile tests on Nusil polydymethylsiloxane MED4905 dog-bone specimens loaded in three stages and
showing the first loading curves in colour and subsequent loading and unloading ones in black. The
sheets were manufactured involving pressing a one-to-one mixture of parts A and B between rollers
by Advanced Polymer Systems.
the unloading curve up to 160% beyond which it re-starts to follow the characteristic of
first loading followed by the blue and red curves. Such an effect where the stress-strain
characteristic is dependent on the maximum lifetime stress was first reported by Harwood
et al. (1965). As observed in figures 6.17 and 6.18 this “Mullins effect” exhibits itself as
a softening of the stress-strain curve, is irreversible in nature, and appears whenever the
stress increases beyond the all-time maximum value that the material has been exposed to.
Figure 6.19 clearly shows the Mullins effect and the stress-strain characteristics of three
Nusil polydymethylsiloxane MED4930 dog-bone specimens where one of them has been
accidentally loaded during mounting. In the figure, during the first loading, specimens 1
and 2 have exhibited the expected stress-strain characteristic whereas specimen 3 started
following a softer characteristic but slowly met the two other characteristics. During the
second loading, the three specimens had the same stress-strain characteristic which as
expected, indicated that they had been exposed to the same maximum stress in their life-
time. However prior to the first loading, specimen 3 had experienced a stress larger than
the other two and hence for larger strains followed a more shallow characteristic.
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Figure 6.18: Tensile tests on Nusil MED4930 loaded in two stages and showing the first loading curves in red and
magenta, subsequent loadings in blue and unloading ones in black. The sheets were manufactured
involving pressing a one-to-one mixture of parts A and B between two knife edges by Speciality
Silicone Fabricators (SSFAB).
6.4.5 Tensile tests on electroded sheets
The tests were carried out using the same procedure as described in section 6.4.4. Speci-
mens from the same sheet and cut in the same direction as the virgin ones were electroded
using two procedures: dry brushing of Conductograph GFG5 expanded graphite using a
sponge applicator and spraying via an air-brush of a binary mixture consisting of Nusil
MED4901 polydimethylsiloxane part B thinned in Heptane and Akzo Nobel Ketjenblack
600JD expanded graphite. These tests were carried out with the assistance of summer-
placement student Megan Davies Wykes. Table 6.1 is a summary of the specimens tested.
6.4.5.1 Brushed-on electrodes: procedure and results
Brushed-on electrodes consisted of a thin layer of Conductograph GFG5 expanded graphite
applied over the specimen sides using a sponge applicator. Nusil MED4905 polydimethyl-
siloxane 250 µm sheets from Advanced Polymer Systems are supplied between two protec-
tive sheets and the specimens cut using the dog-bone cutter before peeling off the backings.
A single backing was then peeled off and using the sponge applicator, graphite was applied
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Sample 1: 1st loading
Sample 2: 1st loading
Sample 3: 1st loading
Sample 1: 2nd loading
Sample 2: 2nd loading
Sample 3: 2nd loading
Figure 6.19: The stress-strain characteristics of three Nusil polydymethylsiloxane MED4930 dog-bone specimens
where one of them has been accidentally loaded during mounting between the clamp jaws on the
tensile machine.
Specimen Details Young’s Modulus (MPa)
1 Unaltered 0.535
2 Unaltered 0.553
3 Applied with powdered graphite 0.485
4 Damaged when cutting -
5 Applied with powdered graphite 0.436
14 Sprayed with MED4901-B-graphite binary mix 0.822
15 Sprayed with MED4901-B-graphite binary mix 0.789
16 Sprayed with MED4901-B-graphite binary mix 0.798
17 Sprayed with MED4901-B-graphite binary mix 0.623
18 Sprayed with MED4901-B-graphite binary mix (1 side only) 0.784
Table 6.1: MED4905 specimen details: unaltered, brushed and sprayed
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STFC sample 1, 50 µm thick
STFC sample 2, 50 µm thick
STFC sample 3, 50 µm thick
SSFAB sample 1, 100 µm thick
SSFAB sample 3, 100 µm thick
Figure 6.20: Stress-strain characteristics of Nusil polydymethylsiloxane MED4930 dog-bone specimens manufac-
tured using different techniques by different institutions. The three STFC (i.e. the Rutherford
Appleton Laboratories (RAL) of the Science and Technology Facilities Council) samples were 50µm
thick and were manufactured by RAL scientist Graham Arthur using a knife-edge dragged over spac-
ers flanking a flat surface. The two SSFAB (Speciality Silicone Fabricators) samples were 100µm thick
and were manufactured by pressing the polydimethylsiloxane between two knife-edges. The agree-
ment between samples from the same manufacturer is excellent and the disagreement between ones
from different manufacturers was expected given the differences in manufacture, curing procedure
and specimen thickness.
to the exposed surface up to saturation, i.e. until applying more graphite resulted in it
not sticking to the specimen. The other backing was then peeled off and the specimen laid
carefully onto a sheet of paper with the unelectroded side top. Graphite was applied as
described taking extra care to avoid stretching the specimen with the sponge applicator
in the process. Graphite was only applied to a length of about 35 mm of the specimen of
which approximately only the central 30 mm formed the length of specimen in the tensile
tests. Specimens which had extensive parts of their ends coated with graphite proved
more difficult to test as the graphite made these specimens more slippery in the clamp
jaws. The specimen was then mounted in the top load-cell clamp and left hanging as the
bottom clamp, mounted on the traversing head was moved up until it was slightly less
than 30 mm below the top clamp. At this point the hanging specimen was also secured
into the bottom clamp, which was then moved down in order to remove backlash. The
zeroing of the load cell and the zeroing and determination of the specimen original length
were carried out as described in 6.4.4. Figure 6.21 shows the comparison of stress-strain
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characteristics from virgin specimens and specimens which had been electroded by dry
Conductograph GFG5 graphite using the sponge applicator. As expected, no substantial
differences in the stress-strain characteristic for first loading were observed: this is because
the brushed-graphite electrodes are made from a matrix of loose graphite particles sticking
to the specimen faces.
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Specimen Comparison: MED4905: Stress−Strain characteristic: brushed electrodes
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Figure 6.21: Comparisons of stress-strain characteristics of Nusil polydimethylsiloxane MED4905 dog-bone speci-
mens, approximately 250 µm thick, virgin specimens (specimens 1 and 2) and electroded specimens
(brushed-on graphite, Conductograph GFG5 expanded graphite, applied via a sponge applicator).
6.4.5.2 Sprayed-on electrodes: procedure and results
Sprayed-on electrodes consisted of a thin layer of sprayed (via an air-brush) binary mixture
made from Nusil MED-4901 polydimethylsiloxane part B thinned with Heptane, and Akzo
Nobel Ketjenblack 600JD expanded graphite. The choice of Nusil MED-4901 as the holding
matrix for the graphite is explained in section 6.2. In this case, two materials are used
as the underlying membrane. In a few of the tests, Nusil MED4930 polydimethylsiloxane
sheets, approximately 100 µm thick as fabricated by Speciality Silicone Fabricators were
used while in other tests, Nusil MED4905 sheets approximately 250 µm thick as fabricated
by Advanced Polymer Systems were used. In each case, both backing sheets were peeled
off and the specimen was hung in a slightly buckled form between two bulldog clips held
in clamps able to slide along a bench-stand. The air-brush nozzle was held at about
15 cm away from the specimen and between four and six sweeps (layers) of graphite-
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silicone binary mixture were applied to each side of the specimen. A few seconds were
allowed between each sweep in order to allow any solvent deposited onto the specimen to
have enough time to evaporate. Figures 6.22 and 6.25 shows the comparison of stress-
strain characteristics from virgin specimens and specimens which had been electroded by
spraying the binary mixture. As expected, a slight stiffening was observed in the stress-
strain characteristic for first loading of the electroded specimens attributed to the stiffening
effect of the uncured MED4901 part B - graphite mixture.
Figures 6.23 and 6.24 display the data for all specimens, brushed and sprayed, in compar-
ison to an unaltered specimen. It is observed that for the brushed electrodes, the modulus
at small strains is slightly lower than that for the unaltered specimen, the small reduction
being attributed to a potential small pre-stretch of the membrane during brushing and
Mullins effect. On the other hand, for sprayed electrodes, the modulus is seen to increase
substantially, as much as 55% in one case, figure 6.24. The increase in modulus tapers
off beyond strains of 15%. An actuator with sprayed electrodes will hence experience an
increase in actuation modulus within its operating range.
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Figure 6.22: Comparisons of stress-strain characteristics of Nusil polydimethylsiloxane MED4905 dog-bone spec-
imens, approximately 250 µm thick, virgin specimens (the lower stress curves) and electroded spec-
imens (sprayed-on electrodes made from a binary mixture of MED4901 part B thinned in Heptane
and graphite).
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Sprayed with graphite on one side Sample 18
Figure 6.23: The effect of applying electrodes to the specimens. The 9th order polynomial fit for specimen 1 was
subtracted from that for other specimens. The resulting difference trends indicate small changes for
brushed electrodes and increases in stress for sprayed ones.
6.5 Effects of post-processing on polymer sheets
It became apparent that sheets from different batches had a substantial variation in their
basic properties. Figure 6.26 shows two stress-strain characteristics from two virgin spec-
imens, one from a recent batch and the other from an older one showing a substantial
difference in stress for all strains. It was hypothesised that differences in the extent of
cross-linking in the cured sheets was one major factor contributing to the variability.
These sheets are supplied by Advanced Polymer Systems and are manufactured by Nusil
using off-the-shelf Nusil MED-4905 2-part polydimethlysiloxane. Extensive discussions on
a tightening of controls on material and sheet manufacture exposed the difficulty of the
problem being tackled. An extensive number of variables all need to be controlled to
within a small tolerance and a strict procedure adhered to, which measures were not in
Nusil’s interest. Such variables included the distribution of chain lengths in the raw MED-
4905 material (these materials are unfiltered and would hence include a substantially wide
normal distribution of chain lengths around the claimed main chain length); the amount of
vinyl (or filler) in the mixture; the ratio of part A to part B in the mixed quantity; the sheet
manufacturing method (knife spreading, rolling between two rollers or extruding between
two knife edges); the curing procedure; whether curing is carried out at high pressure
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Figure 6.24: The effect of applying electrodes to the specimens. The modulus at strain of each specimen was
calculated based on the derivative of the 9th order polynomial fit. The modulus at zero strain is the
Young’s modulus. It is observed that there are slight decreases in Young’s modulus for the brushed
electrodes and substantial increases for the sprayed electrodes. The decrease in Young’s modulus for
the brushed electrodes is attributed to potential mild pre-stretch of the membrane during brushing.
(what value) or at atmospheric pressure, what temperature the curing was carried out at
(a range of room temperature to 150◦C is possible) and for how long curing was carried out
for. As shown in figure 6.26 the sheet from the older batch 2 was stiffer, a fact that led the
Nusil representative Derek Williams Wynn and Graham Arthur from RAL to hypothesise
that the older sheet may have cured further with time and hence built further cross-links.
6.5.1 Post-curing of sheets at elevated temperatures
A temporary measure to try to improve the sheet performance at resonance was an attempt
to build further cross-links between polymer macro-molecules by a post-cure procedure at
elevated temperature. This post-processing was carried out to reduce the damping of
the membrane by increasing the number of cross-links. An increase in the number of
cross-links will be seen in an increase of stiffness of a sample. This involved placing the
sheet in an oven for an extended time prior to pre-straining. Following discussions with
Derek Williams Wynn of Advanced Polymer Systems and Graham Arthur of RAL, it was
expected that a plateau in tensile modulus would eventually be reached, i.e. initially an
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Figure 6.25: Comparisons of stress-strain characteristics of Nusil polydimethylsiloxane MED4930 dog-bone spec-
imens, approximately 100 µm thick, virgin specimens (the lower stress curves) and electroded spec-
imens (sprayed-on electrodes made from a binary mixture of MED4901 part B thinned in Heptane
and graphite). The two shallower curves are for specimens 1 and 3 of the SSFAB MED4930 100 µ
m specimens while the steeper curves are for similar specimens sprayed, both sides, with a binary
MED4901-part B - graphite mixture.
increase in tensile modulus would be observed but with further heating, no further increase
would be observed. In order to quantify the increase in tensile modulus, a number of dog-
bone shaped specimens (as cut by an ASTM D-412D cutter from the same batch and
in the same direction) were tested in a tensile test to 100%. The first specimen of each
set was virgin (i.e. unaltered) whereas the subsequent ones were placed in an oven at a
temperature of between 170◦C and 175◦C each for a further half an hour, i.e. specimen
2 was taken out of the oven after 30 minutes, specimen 3 after 60 minutes and so on.
Figure 6.27 shows stress-strain characteristics comparing virgin specimens (specimen 1)
with subsequent ones. It is clear that after half an hour and definitely no more than in
one hour, no further increase in modulus is observed and all characteristics of subsequent
specimens lie close to each other at a higher stress for a given strain. Table 6.2 is a
list of the specimens, unaltered and cured by heating. The table also shows the Young’s
modulus of each specimen (although this value is not relevant for actuators because for
such an application, the membranes are in highly pre-strained states beyond the zero-
strain state). For actuator application, the modulus at the pre-strain value of the actuator
in the actuation direction, i.e. between 60% and 80% is more relevant.
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Figure 6.26: Tensile tests on Nusil polydimethylsiloxane MED-4905 sheets from different batches both supplied
by Nusil showing extensive variability.
Specimen Details Young’s Modulus (MPa)
1 Unaltered 0.535
2 Unaltered 0.553
6 Heated at 176◦C for 30 minutes 0.841
7 Heated at 176◦C for 60 minutes 0.748
8 Heated at 176◦C for 90 minutes 0.618
9 Heated at 176◦C for 120 minutes 0.610
10 Heated at 176◦C for 30 minutes 0.581
11 Heated at 176◦C for 60 minutes 0.583
12 Heated at 176◦C for 90 minutes 0.653
13 Heated at 176◦C for 120 minutes 0.582
Table 6.2: MED4905 specimen details: unaltered and post-processed by heat
Figure 6.27 shows that although there are changes in the Young’s modulus and that there
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Figure 6.27: Tensile tests on Nusil polydimethylsiloxane MED-4905 sheets post-processed at an elevated temper-
ature of between 170◦C and 175◦C. Specimen 1 is virgin while specimens 2 to 5 have been exposed
to the high temperature, each one successively for a further half an hour.
are larger stresses for a strain of 70% (main figure), the modulus at a strain of 70% (see
inset) is unaltered and hence no stiffening would be evident when a cured membrane is
pre-strained and used for actuator application.
6.6 In-house manufacturing of polymer sheets
As actuator fabrication progressed, it became clear that material defects were the prime
sites of premature failure through burnout. Such material defects included surface scratches
and dents, material thickness non-uniformities (local thinning), trapped micro-bubbles
and trapped gels (local unmixed and hence uncured silicone part A or B). Derek Williams
Wynn of Advanced Polymer Systems, representatives of Nusil, acknowledged the difficulty
of making high quality sheeting of silicone and encouraged research into such methods of
manufacturing. Such work is worthy of a Ph.D. in development of polymers but here, an
early attempt at manufacturing high quality sheets has been made. This work involved the
design and manufacture of a mould for silicone sheet casting. The following is a description
of this work.
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6.6.1 Manufacturing of a mould for silicone sheet casting
A three-part mould consisting of two steel blocks and a shim spacer to control the sheet
thickness was designed and built in-house. The two steel blocks measure approximately
200 mm square and are each approximately 80 mm thick. The two faces were surface
ground to a tolerance better than 5 µm and then buffed. The shim was cut from a solid
sheet of tinned steel 200 µm thick. Two sheets of PTFE release liner were used to contain
the silicone sheet between the two steel blocks. These PTFE liners were held biaxially taut
by means of tape able to withstand the high-temperatures to which the mould is exposed.
The temperature of the press and mould was limited to about 120◦C beyond which it was
found that the PTFE release liner usually expanded by more than the pre-strain so that
creases form between the mould faces affecting the finish of the moulded silicone sheet.
The material selected for sheet manufacture trials was Nusil MED-4905 two-part poly-
dimethylsiloxane. A one-to-one ratio by mass of parts A and B was mixed together
(through a helical mixing nozzle connected to a double-barrel cartridge and dispensed
using a Sulzer DP400 pneumatic dispensing gun) with the same mass of Heptane as a sol-
vent. The mixture was thoroughly mixed using a SpeedMixer with a pre-set programme
proven by Graham Arthur of RAL. The mixture was then placed in a vacuum chamber at
room temperature for half an hour to eliminate trapped air bubbles. The mixture was then
carefully poured over the release liner placed over the bottom part of the mould avoiding
trapped air by not overlapping the pouring. The bottom part with the liner and the poured
silicone were again placed in a vacuum chamber to eliminate any air bubbles and help to
evaporate the remaining solvent in the mixture. The steel shim was then placed over
the bottom steel mould block and then the top steel block was carefully lowered and se-
cured with two countersunk corner bolts. The whole assembly was placed between the two
traversing faces of a 20-tonne hydraulic press and a stiff silicone mat was placed between
the top face of the press and the top block of the mould to compensate for any non-parallel
effects of the press faces. The pressure was gradually raised to a maximum of about 12
tonnes. The press had the capability of heated press faces via electric heating elements.
These maintained a temperature of 120◦C while the 12-tonne pressure was held constant.
The two steel blocks of the mould under a load of 12-tonnes caused the silicone to flow
outward towards the shim. Excess silicone flowed over the shims during mould closure but
as the top face approached the shim, the shear forces increased by orders of magnitude
slowing the silicone flow down to an ever-diminishing velocity. Extensive discussions with
Derek William Wynn and Graham Arthur led to the hypothesis that the pressure being
applied was supported jointly by the shims and the trapped silicone. Heating the mould
led to increases in pressure of the silicone typically to about 16 tonnes. The uniformity of
the moulded sheets was good, typically within ± 5 micrometers of variability in a typical
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sheet. Figure 6.28 shows a schematic of the silicone sheet mould.
Figure 6.28: A schematic of the silicone sheet mould showing the top and bottom parts, PTFE liners and shim
(spacer) that eventually controlled the final gap size between mould faces and so the final thickness
of the silicone sheets.
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6.7 EAP actuator development for validation of computa-
tional model
As part of the effort to develop EAP actuators and sensors, Dr. Mark Potter developed a
lumped parameter model for static and dynamic EAP modelling. An extensive experimen-
tal programme was undertaken to support and validate this computational development.
While the experimental work is reported here, details of the computational work can be
found in Potter et al. (2010). Some of the work reported here has been carried out with
the assistance of Megan Davies Wykes, summer-2009-placement-student.
6.7.1 Biaxial stress-strain characteristic
The tensile modulus of the membrane in its pre-strain state is an important parameter since
it controls the amount of displacement of the actuator under a given voltage. A biaxial
tensile test was designed and carried out. With reference to figure 6.29, the membrane
was mounted in the pre-strain jig and held under the necessary pre-strain in the high
pre-strain direction (250% in this case). The jig was hung from stiff springs attached
to the tensile test machine. In the low pre-strain direction, the membrane edges were
clamped and attached to the load-cell at one end and to the cross-head at the other end.
The pre-strain in this low pre-strain direction was required to be symmetrical about the
membrane centre-line. This could be achieved in a uniaxial tensile test machine by pulling
the bottom edge of the membrane by a displacement, ∆, at the same time as moving the
pre-strain jig, in the same direction relative to the machine, by half that displacement,
i.e. ∆/2. This was attained by pulling the jig down against the springs by a cable going
over two pulleys, one end of which was tied to the ground and the other end to the cross-
head. Taking the convention of x as the low pre-strain direction (actuation direction for
actuators) and y as the high pre-strain direction, the original size of the membrane prior to
stretching was 18.3 cm in x by 10.3 cm in y with a 1.5 cm boundary to allow clamping. The
relevant initial area was therefore 15.3 cm in x by 7.3 cm in y. This area was marked onto
the membrane with a permanent marker prior to the biaxial pre-strain. The membrane
was then stretched to a final size of 25.4 cm by 25.4 cm. Hence the final pre-strain in
the membrane was 250% (=(25.4-7.3)/7.3) in the high pre-strain direction (direction y)
and 67% (=(25.4-15.3)/15.3) in the low pre-strain direction (direction x, the actuation
direction). The cross-head was moved at a speed of 50 mm/minute. Figure 6.29 shows a
schematic while figure 6.30 shows two photos of the system setup.
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Figure 6.29: A schematic of the biaxial jig with mounted pulleys. The jig, hanging from stiff springs, keeps the
membrane stretched in the high pre-strain direction y. The membrane is then stretched in the low
pre-strain direction x by pulling on it, on one side by the load-cell and on the other side by the
cross-head. The strain in the vertical direction is made symmetrical by the pulley system: one end
of the cables over the pulley were attached to ground and the other end to the cross-head. This
made the biaxial jig move by a displacement ∆/2 for a displacement ∆ of the bottom edge of the
membrane.
Given the shear stresses introduced by the membrane being clamped in the bi-axial pre-
strain jig, this test was, at best, reliable only around the point where the stretched mem-
brane had dimensions of 25.4 cm by 25.4 cm since it is at this point that the stresses were
mainly bi-axial rather than shear. Even at this point, there were still shear forces from the
side clamps and hence the modulus obtained from this method is an overestimate. Such a
measurement method needs to be revised in future work and a new jig constructed. Ide-
ally, the vertically clamped edges in figure 6.29 extend with the membrane stretch without
any resistive forces such that no shear forces are introduced. The test started when the
permanent-marked relevant area (of initial size 15.3 cm in x by 7.3 cm in y) had a strained
length of 25.4 cm in y and 22.4 cm in x. The cross-head was traversed until the distance
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Figure 6.30: The biaxial test system with pre-strain jig mounted on springs and pulled down at half cross-head
speed by the pulley system. The whitening on the sample is talc powder to facilitate sample handling.
in the x direction was 27 cm. This ensured that the test included the region of strain of
25.4 cm when the shear forces were at their minimum. Figure 6.31 shows a plot of the
force on the specimen vs. its strained length.
The stiffness k can be found from the gradient of the trends in figure 6.31, i.e. from
k = dF/dx at a strained length of 25 cm. It was estimated to be of the order of 58 N/m.
Then from equation 6.1 the tensile modulus at the shear-free length of 25 cm could be
identified. The length L0 was assumed to be the original length of the membrane when
cut, i.e. 15.3 cm in this case. The final thickness of the membrane was calculated to be
close to 38 µm. This was measured with a micrometer screw gauge and the estimated
thickness was confirmed to within 5 µm. This justified the use of a Poisson’s ratio, ν =
0.5 which implies conservation of volume. The area A in equation 6.1 could therefore be
calculated. Using these values for k, A and L0 the tensile modulus was estimated to be
0.9 MN/m2, approximately.
E =
kL0
A
(6.1)
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Figure 6.31: The force on the specimen as measured by the load-cell on the tensile machine vs. the distance
between pen-marks on the specimen, initially 15.3 cm apart. The three trends are for the same
specimen loaded for the first time: +, second time: ∗ and third time: ×.
6.7.2 Steady state response of EAP actuators
6.7.2.1 Experimental apparatus and procedure
In order to validate the lumped-parameter model, two actuator designs were chosen for
testing. An actuator consisting of a rectangular membrane with a biaxial in-plane pre-
strain was selected with dimensions of 54 mm in the direction of actuation and 255 mm
in the perpendicular direction. The membrane was pre-strained by 70% in the actuation
direction and by 250% in the perpendicular direction to introduce anisotropy in material
properties. This stiffened the membrane in the non-actuation direction and therefore a
change in thickness introduced by the electrostatic forces due to the high-voltage actuation
was converted mainly into an in-plane deflection in the preferred direction. Two electrode
designs were chosen for testing to determine the viability of using the lumped parameter
model as a tool for the optimisation of electrode design. The two electrode designs are
shown in figure 6.32: (i) a central electrode in the middle of the pre-strained membrane;
his electrode is designed to expand symmetrically about its center-line upon actuation and
(ii) a side electrode on one side of the pre-strained membrane designed to expand towards
the passive side. The following table shows the amounts of pre-strain values chosen for
investigation.
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Electrode Location Side
Electrode Dimensions 175 mm by 27 mm
Pre-strain values 70% in x and 250% in y
Electrode Location Centre
Electrode Dimensions 175 mm by 20 mm
Pre-strain values 70% in x and 250% in y
Figure 6.32: The two electrode configurations selected for modelling. Dimensions of actuator under consideration:
length: 255 mm with a 250% pre-strain, width: 54 mm with a 70% pre-strain.
Smooth-edged and round-cornered frames were fabricated from glass-fibre composite sheet-
ing, onto which the pre-strained actuator membrane was mounted. A bespoke pre-strain
jig was fabricated out of Perspex and consists of two clamps which can be moved away from
each other on two stainless steel rails and locked in position. Once the necessary pre-strain
was applied in both directions (figure 6.33), the glass-fibre frame, coated in double-sided
tape, was lowered onto the pre-strained membrane and a line of silicone glue applied along
the perimeter of the frame. The assembly was then left to dry before electrodes were ap-
plied using a brush-on method - highly-conductive expanded graphite powder from SGL
Carbon Group of SGL Technologies GmbH, Conductograph GFG5, was applied using a
sponge applicator. A mask made from weak-glue tape ensured that the electrodes were of
the required dimension and crisp, facilitating strain measurement with a camera. Leads
made from aluminum foil were applied to the assembly in such a way that the connec-
tion between the lead and electrode always occurred on the stiff frame rather than on the
membrane providing a robust and safe connection.
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Figure 6.33: The bi-axial stretch jig with the membrane under bi-axial pre-strain and the frame glued down onto
the membrane surface.
6.7.2.2 Material properties
In the previous section 6.7.1, a value for the tensile modulus for the membrane stretched
biaxially was reported. It was recognised that the value of the modulus for a viscoelastic
material such as these polymers is highly frequency dependent. In the biaxial test, the
cross-head was moved at a speed of 50 mm/minute which renders the value of the modulus
obtained in the biaxial stress test to be valid only for static or nearly static EAP appli-
cations. To determine the properties of the silicone membrane under dynamic operating
conditions, a relaxation test was performed.
6.7.2.3 Actuator testing procedure
To test the actuators each unit was connected to a TREK High-Voltage amplifier (model
609E-6). The low-voltage signal to the TREK HV amplifier was provided by the analogue
output port of a NI DAQ card which was controlled via a LabView interface designed
to slowly ramp up the voltage to the required level. This precaution was taken to avoid
subjecting the actuator to a step change in voltage and the high current transients that this
would induce. To record the displacement of the actuators, a CCD camera was mounted
directly over the electrode edge with a scale in view. Each image recorded by the camera
was analysed using a fully automated procedure within Matlab. By using the contrast
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change in the image, when moving from the electrode edge to the membrane surface, the
location of the electrode was found to an accuracy of 2 pixels, corresponding to 60 µm.
Figure 6.34: Maximum displacement against applied voltage for an experimental actuator. (Figure prepared by
Dr. Mark Potter from data obtained and processed by the author, (Potter et al., 2010)).
6.7.2.4 Experimental Results
To examine the behaviour of the two actuator designs, a range of voltages from 1 kV to 3.5
kV was applied. The voltage was ramped up slowly over three seconds, held constant for
four seconds and then ramped down in a further three seconds. It was observed that the
response of the actuator is two-component in nature consisting of a fast displacement rise
to a value close to the maximum and then a slow rise to the steady state maximum. Figure
6.34 shows the maximum displacement it attained vs. the applied maximum voltage. The
side-electrode design shows a displacement that is approximately double the displacement
of each side of the central electrode and both displacements scale with the square of the
applied voltage as predicted by equation 3.1.
6.7.3 Stiffened sections
New actuator designs have included stiffened reinforced sections that are bonded to the
membrane to maximize the area of displacement. By bonding the stiffened section against
the electrode, the displacement experienced by the electrode is transferred to a larger area
of the membrane, leading to a more uniform displacement within the actuated region.
Such an actuator arrangement could also be modelled by the lumped parameter model
and so an experimental validation was also carried out for this case.
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6.7.3.1 Experimental setup
To test the validity of modelling a stiffened section and as a precursor to the in-plane
oscillating actuator, an actuator with a side electrode and a stiffened section, as shown in
figure 6.35, was simulated with the lumped parameter model. The same frame geometry
and pre-strain that were used for the previous experiments were selected. However, rather
than considering only the displacement of the electrode, the displacement of a series of
grids points, evenly distributed over the membrane, were followed, figure 6.36.
Figure 6.35: Actuator with stiffened section. The dotted-rectangle on the right side represents the area which was
covered in a grid pattern for deflection monitoring.
Figure 6.36: Stiffened experimental actuator with grid for displacement capture.
An actuator with a side electrode and a stiffened section was fabricated as shown in Figure
6.36. A grid was drawn onto the membrane and tracked using the same camera setup as
before. By recording the initial and final locations of the grid intersections within the
camera frame, the displacement of the membrane, rather than just the electrode was
found.
Figure 6.37 (top) shows the locations of the grid intersections, as shown in figure 6.36,
before actuation in grey and after actuator in black. A voltage of 3.9kV was chosen to
maximise the grid displacement. To make the figure clearer, the grid points have been
joined along their horizontal positions. As expected, the displacements at the right-hand
side edge of the figure and at the top edge of the figure are close to zero given that
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these are solid frame boundaries. The displacement lines in the lower portion of the left-
hand edge experience approximately similar displacement as would be expected due to
the presence of the stiffened section. Figure 6.37 (bottom) shows the displacement of each
grid reference node, obtained by subtracting the position of the node before actuation from
the position of the node after actuation. Again, horizontally adjacent nodes have been
connected for clarity. The uppermost line in the figure corresponds to the electrode as it
bulges out between the stiffened section and the frame. The horizontal lines connected to
the stiffened section are seen to converge as they all have zero displacement with respect
to each other.
Figure 6.37: Top: Experimental grid reference points before actuation (grey) and after actuation at 3.9kV (black).
Bottom: Experimental displacement of grid reference points after actuation at 3.9kV. (Figure pre-
pared by Dr. Mark Potter from data obtained and processed by the author.)
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6.7.4 Dynamic operation
For further validation of the lumped parameter model and, again, as a precursor to the
in-plane oscillating actuator, a series of dynamic tests were performed on a side electrode
actuator. The same frame geometry and pre-strain that were used for the previous exper-
iment were selected.
6.7.4.1 Experimental setup
To perform these dynamic tests, the same experimental procedure as that described in
section 6.7.2.3 for the steady-state tests was adopted with some changes. The actuator
was powered by a series of rectified sine waves of amplitude 3.4 kV and frequency 1 to
20 Hz. The amplitude of the input sine wave voltage was ramped up linearly over three
seconds, held at the same sine wave amplitude for four seconds and then ramped down
over a further three seconds. An overhead camera captured images of the electrode edge
at a rate of 180 frames per second and each image recorded by the camera was analysed
using a fully automated procedure within Matlab. The response to the 1 Hz and the 20
Hz input signal is presented in figure 6.38.
The figure shows that the amplitude of the maximum displacement of the electrode at 20
Hz which, even at 1 Hz, is lower than the static response. Moreover the displacement does
not return to zero when the voltage drops to zero. Instead, the amplitude of oscillation
is reduced in maximum amplitude and develops a zero offset. This indicates that the
material follows a viscoelastic behaviour. Figure 6.39 is a plot of maximum and minimum
amplitude of the actuator for a frequency range between 1 and 20 Hz. The static, steady-
state deflection for the same actuator is also included in the plot. The trends suggest
that as the actuation frequency increases, there is a drop in the maximum amplitude of
actuation and the zero offset is also confirmed. This confirms that the material properties
are frequency dependent and that a relaxation test result is necessary to be able to identify
the poles of the material characteristic.
6.7.4.2 Relaxation test
A relaxation test was performed on the MED4905 polydimethylsiloxane specimen using
the same pre-strain jig with pulleys used to obtain the bi-axial stress-strain characteristic.
The pulleys again enabled the deflection ∆ of the cross-head to be shared symmetrically
by the membrane, by allowing the jig to move in the direction of the cross-head at half
the cross-head speed, or by ∆/2. The jig was given a rapid step change in strain and held
constant thereafter, The force on the specimen was then monitored in time. Figure 6.40
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Figure 6.38: Top: Actuator response to a 1 Hz driving signal. Bottom: Actuator response to a 20 Hz driving
signal.
shows the resulting force relation with time.
In order to capture these viscoelastic effects in the lumped parameter model, Mark Potter
adopted a Maxwell model as explained in McCrum et al. (1988). This is shown in figure
6.41 and is represented by a spring representing the material in parallel with at least one
Maxwell element consisting of a spring in series with a dashpot. The constants η2 and E2
were determined from the relaxation trend presented in figure 6.40. More information on
this method can be found in Potter et al. (2010).
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Figure 6.39: Minimum and maximum actuator electrode deflection for a driving frequency range between 1 and
20Hz. The deflection for the static, steady-state (at 0 Hz) is also included.
6.7.4.3 Damping coefficient
Behaviour illustrated so far suggests that the material is viscoelastic and that its stiffness is
frequency dependent. The damping coefficient of the material is also likely to be frequency
dependent. With the assistance of Megan Davies Wykes, a free vibration test was set up to
get an order-of-magnitude estimate of the damping coefficient, ζ, at least at one frequency.
The biaxial pre-strain jig was again used in this application but the pulleys were removed
and the upper edge under the lower pre-strain is stretched out to its final length and
clamped. The lower edge, on the other hand, is weighted until it also reaches its final
stretched length. Figure 6.42 shows the jig.
A range of weights were hung from one side of the biaxially stretched membrane as shown
in figure 6.42. The hanging mass was then given a displacement, released and the Micro-
Epsilon OptoNCDT 2200 laser profilometer was used to measure the resulting damped
oscillations. The damping was calculated from these oscillations in two ways: (i) the ratio
of the amplitudes of successive peaks can be used to calculate the damping by equation
6.2, (Thompson & Dillon Dahleh, 1993).
δ = ln
x1
x2
=
2piζ√
1− ζ2 (6.2)
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Figure 6.40: Relaxation test result for the MED4905 polydimetyhlsiloxane.
and (ii) fit a sine function of the form of 6.3 with arbitrary constants using the least squares
method to each data set, (Thompson & Dillon Dahleh, 1993).
y = X exp−ζωnt sin((
√
1− ζ2ωnt) + φ) (6.3)
where ζ = the damping coefficient, ωn = the natural frequency and φ and X are constants
which depend on the calibration of the laser and how the results are cropped.
1. Ratio Method
The first method for calculating the damping coefficient required data smoothing
and then identification of the maxima and minima. The ratio of the amplitudes of
successive turning points was then used to calculate the damping coefficient, equation
6.2. The ratio varied widely as is seen in figure 6.43.
2. Fitting Method
The second method of calculating the damping coefficient was by fitting equation
6.3 to each of the data sets.
Table 6.3 shows the mean damping coefficient and its variance. The values of the damping
coefficient from the two methods agree closely, which was not unexpected given that both
methods result from the same model.
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Figure 6.41: The maxwell model adopted in the lumped parameter model.
Method Damping Coefficient Variance (×10−6)
Ratio Method 0.0976 42.3
Fitting Method 0.0952 8.4
Table 6.3: The average value (from all runs) of the Damping Coefficient at the frequency of these tests.
The natural frequency of the vibrations was also found from the results, using the same
fitting method that was used to find the damping coefficient. Figure 6.45 shows the values
of natural frequency against the weight attached to the membrane. As expected, the trend
suggests a decrease in the natural frequency with increasing weight.
This method gave an estimate of the damping coefficient ζ for a particular frequency.
However, the setup and method have uncertainties which should be addressed in the future.
Other sources of damping such as air-resistance on the bobbing weights, rubbing of the
membrane on the clamps and shear forces from the side clamps may have contributed to
error in ζ.
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Figure 6.42: The pre-strain jig was adapted for the free-vibration test. The lower edge of the membrane was
weighted. The free vibration test was carried out by pulling the hanging mass down, releasing it and
following the decaying vibration using the Micro-Epsilon OptoNCDT 2200 laser profilometer.
6.8 In-plane actuator of spanwise oscillating surface
6.8.1 In-plane actuator: introduction and principle of operation
An actuator that executes in-plane oscillations was designed by further developing the
EAP building block described in figure 3.1. This actuator utilises a pre-strained version of
the EAP principle of operation. Referring to figure 6.46 (a), a pre-strained EAP actuator
consists of a polymer membrane which is stretched in-plane and glued onto a frame in
its strained state. Electrodes are then patterned on the top and bottom surfaces of the
pre-strained sheet. This design is analogous to a spring: a short spring is stretched, held
stretched onto a frame and electrodes painted over it (hence the change in spring colour
and line style in the springs analogy section of figure 6.46). On actuation, the portion of
the EAP membrane between the electrodes is compressed in thickness and hence expands
in area (to the right in this configuration), but since the membrane is pre-strained, while
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the active portion increases in length (to the right), the passive portion relaxes. If the
strain on actuation is smaller than the pre-strain, all the movement happens in the plane
of the sheet without any buckling which causes out-of-plane movement. Figure 6.46 (b)
shows a plan view of the same actuator and a plot of the displacement on actuation.
The actuator developed here consists mainly of two parts: a) an EAP sheet with two
sets of electrodes acting as a driver and b) a passive driven sheet by the EAP driver and
exposed to the air flow in the wind-tunnel. The EAP driver and the passive sheet are
connected by an I-shaped member that extracts the maximum amplitude of movement of
the EAP driver and transfers it to the driven sheet. The principle of operation of this
actuator is explained in figure 6.47.
The two electrode sets are driven in anti-phase with an arbitrary waveform resembling a
dc shifted sine-wave as programmed in a bespoke LabView program and supplied by two
NI-6259 PCI Data Acquisition Card analogue outputs. The signals are amplified by two
TREK High-Voltage Amplifiers model 609E-6 and routed to the actuator electrode sets.
At the correct frequency, the elasticity of the EAP prime-mover and the mass (primarily) of
the ‘I’ driver and driven sheet cause in-plane resonance of the driven membrane sandwich
and hence large oscillations.
Figure 6.48 shows an end view of the assembled actuator consisting of an EAP driver, an
‘I’ driver which extracts the maximum displacement amplitude of actuation of the EAP
and transfers it to the driven sheet, a sandwich of a stiff membrane glued to a soft one
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Figure 6.45: Natural frequency calculated from fit
allowing displacement of a large area while sealing the edges.
6.8.2 In-plane actuator: Design and fabrication details
A sheet of Nusil MED-4905 as supplied by Advanced Polymer Systems, about 250 µm
thick, and having initial dimensions of 18.3 cm by 10.3 cm was carefully cut with a sharp
scalpel. This size of sheet included a 1.5 cm wide boundary which is necessary to enable
the sheet to be clamped for pre-stretching, figure 6.49. This boundary is marked using
a permanent pen onto the silicone membrane before the backing sheet is peeled off. The
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Figure 6.46: Left: An end view of a typical pre-strained actuator and a springs analogy. Right: A plan view of
a typical pre-strained actuator during actuation showing the displacement of the active and passive
areas relative to their unactuated position.
actual size of the required sheet was hence 15.3 cm by 7.3 cm, as shown in figure 6.49.
The sheet was first clamped along its long sides. Before stretching its 7.3 cm side, the 15.3
cm long sides were manually stretched to what was calculated as their final pre-strained
width, stuck down and clamped in their stretched form, figure 6.51. This step was taken
so that when stretching in the second direction, no excessive shear was applied to the
edges of the membrane. The 7.3 cm side was stretched until it became 25.4 cm long. At
this point, the two stretched edges were clamped between two sets of wooden flat strips
and secured in clamps carried by weighted bench stands. Since the stretched edges were
curved, initially pressure was only applied in the middle of the wooden strips, figure 6.52.
As the bench stands were pulled apart, hence pulling the clamps and the wooden strips
sets, the membrane started to be stretched in the second direction, figure 6.52. However,
since the membrane was curved towards the centre of the specimen, the adjacent areas
started to slip out from between the wooden strips. When the boundary marks (as applied
by the permanent marker) became visible, indicating that they had slipped out far enough,
cast iron miniature clamps were applied across the wooden strips so extending the area
over which pressure is applied, figure 6.53. In this fashion, slipping continued to be allowed
until all the boundary mark was visible and as straight as possible, at which point the
last set of miniature clamps was applied. The initially pen-marked area of 15.3 cm by 7.3
cm was now a size of 25.4 cm by 25.4 cm, i.e. the external size of a glass-fibre composite
frame. This means that the final pre-strain values of the membrane are approximately
250% and 67%. This unequal biaxial pre-stretch therefore produced the anisotropy of the
168 Chapter 6. Development of Electroactive Polymer Actuators
Figure 6.47: Left: A plan of the unactuated EAP prime-mover with the ‘I’-shaped driver member. Right: A plan
of the actuated EAP prime-mover. In this case, one of the electrode sets (the one on the left) has
been powered, hence the expansion, while the other set has been left passive and therefore relaxes on
actuation, pulling the ‘I’ shaped driver to the right. The voltage-time plot underneath each electrode
set indicates what voltage that set is receiving. The displacement-span plot shows the displacement
of the actuator along the span. Of particular importance is the maximum displacement that the ‘I’
driver manages to capture and distribute.
membrane. This implies that the thickness change introduced by the electrostatic forces is
transformed mainly in an in-plane strain in the desired actuation direction. The values of
the pre-strain were selected as follows: the low pre-strain value was selected such that the
membrane tensile modulus is taken along the stress-strain characteristic beyond the initial
high modulus at lower strains to a lower value which is then fairly constant for a range of
strains. In the perpendicular direction, the higher value of pre-strain took the membrane
further up along the stress-strain characteristic to a much higher tensile modulus value
making the material stiffer in this second direction. The assumption of volume conservation
indicates that the final thickness of the membrane is about 43 µm, a value confirmed to
within 5 micrometers by measuring actuator thickness using a micrometer screw-gauge.
The four sides of the 25.4 cm by 25.4 cm glass-fibre composite frame were lined with
TESA double sided tape for two reasons: a) provide a clean, smooth surface to which
the membrane would eventually be glued and b) provide a sticky surface which would
eventually assist, through shear forces, keep the membrane in its stretched state. Foil
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Figure 6.48: A schematic of the assembled actuator featuring the EAP prime mover, ‘I’ driver and the driven
sheet consisting of a stiff membrane-soft membrane sandwich. The stiff membrane distributes the
movement of the ‘I’ driver over a large area while the soft sheet on the perimeter allows in-plane
movement and seals the periphery.
pieces that would form one set of leads are attached to one of the sides covered with
double-sided tape.
The frame is then lowered onto the stretched membrane pushing it down carefully and
lightly touching the membrane in contact with the double-sided tape to improve adhesion.
A bead of silicone RTV sealant is applied along the outside of the frame and compacted
with a spatula and the assembly is left to dry, figures 6.54 and 6.33.
Figure 6.49: The silicone sheet is cut to size with an excess of 1.5cm on each of its sides to allow for clamping.
The initial size of the membrane relative to its final size is determined by the pre-strains that need
to be applied in each of the sheet’s directions.
After the silicone glue set, the membrane was removed from the biaxial pre-stretch jig;
the pre-strain forces in the sheet were now transferred to the glass-fibre frame. Electrodes
approximately 3 cm wide and with an overlap area of approximately 20 cm were brushed
onto the membrane. The graphite used was the Conductograph GFG5. When brushing on
the electrodes, care was taken to avoid obvious imperfections in the pre-strained membrane
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Figure 6.50: The silicone sheet is mounted into the biaxial stretch jig, its lower-pre-strain side (the 155 mm side
in this case) pre-strained manually, roughly to the final width, 254 mm in this case and clamped
between bespoke Perspex clamps. Double-sided tape lines the Perspex clamps to aid, through shear,
maintain the stretched sheet within the clamps.
- trapped air bubbles and scratches with a density of a defect every 2.5 cm2 of membrane is
common. Aluminium foil leads were glued onto the electrode edges ensuring the electrode-
foil interface occurred on the glass-fibre frame solid surface - compared to cases where
the interface occurred on the membrane, this reduced actuator failures dramatically. The
I-section, made from light balsa wood, was then attached to the membrane using a double-
sided tape from TESA.
The final form of the I-section is shown in figure 6.55; the holes in the I-section members are
for tuning the actuator to the required frequency by adjusting the mass of the vibrating
members. The profile of the arms of the I-section are tapered as the side parts of the
outside glass-fibre frame is approached, so that the resistive shear stresses from the side-
parts of the frame are reduced. This version of the I-section, in contrast to the basic
schematic shown in figure 6.47 is not made from one part but rather, from five parts, a
middle member and four side arms. This change was suggested by Dr. Mark Potter. The
change was adopted, again, to reduce the resistive shear stresses from the side portions of
the actuator. With reference to figure 6.56, the active portions of the electrodes, owing to
resistive shear forces introduced by the side portions of the frame do not expand uniformly;
the portion in the middle of the electrode is expected to expand more than the edges. If the
I-section was made as one part, the side arms would ‘drag’ the middle member and limit
its movement; made from five parts, the side arms are allowed to rotate to accommodate
the non-uniform expansion of the electrodes.
The top passive sheet was fabricated as follows. A sheet of MED4905, 50 µm thick
membrane with a pre-strain of 30% in each of its in-plane directions was glued onto a
second glass-fibre frame of the same dimensions as the first frame (the one holding the
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Figure 6.51: Clamp 2 of the jig is moved away from clamp 1 stretching the silicone sheet in the high-pre-strain
direction.
EAP driver). An acetate sheet with a pattern of black strips 1 mm wide and spaced
at 1 mm (to serve as a scale for optical deflection monitoring) was then glued onto this
membrane using 3M photo mount adhesive. The long middle member of the I-section on
the driving assembly was then covered in double-sided tape. The driven assembly was then
lowered onto the driving assembly and the acetate sheet attached to the long member of
the I-section via the double-sided tape strip. The final actuator can be seen in figure 6.57.
The actuator worked very well with an approximate maximum peak-to-peak deflection
of 6 mm. The robustness needs to be improved, however. Either through failure due to
imperfections or through fatigue, the membranes failed very frequently and, at best, the
actuator lasted a few tens of thousands cycles, which at 44 Hz actuation frequency, means
a short time. In chapter 9, some recommendations for further work are given.
6.9 Summary
A novel electroactive polymer actuator has been designed and built. The actuator is
capable of meeting the aerodynamic requirements of this experiment as set in chapter
4. An aspect that needs to be developed further, however, is the robustness of these
actuators. Factors like the tear modulus and breakdown voltage need to be improved
further to minimise premature breakdown of the actuator. Furthermore, during fabrication
of the polymer sheets, minimisation of inclusions, air bubbles, surface defects and thickness
non-uniformity is of paramount importance. Extensive research was carried out on the
types of electrodes that could be used in order to make these electrodes approach a truly
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Figure 6.52: The stretch in the high-pre-strain direction continues until the final length between the pen marks
in this direction is, in this case, 254 mm. Then, polished wooden clamps coated in talcum powder to
ease silicone sheet slip are secured to each of the unclamped sides of the silicone sheet. Initially one
miniature clamp is attached so that the curved pen-mark is allowed to straighten out as the wooden
clamp sets are pulled out.
compliant performance. The effects of the electrode mixture on the underlying membrane
was also studied. For experiments aimed at higher Reynolds numbers than the one of this
experiment, higher precision of the deposited electrode pattern might be necessary because
spatially, turbulence entities become more significant. An investigation into the feasibility
of using 2D inkjet printers for conductive inks has been suggested. The conductive inks
deposited need to be compatible with the underlying polymer sheet, i.e. the solvent in
the ink must not in any way weaken the polymer membrane. Furthermore the deposited
conductive ink needs to be compliant.
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Figure 6.53: As the wooden clamp sets are pulled out, parts of the sheet start to stretch while other parts (the
unclamped portions) start to slip out from between the wooden clamps. When portions of the curved
pen mark straighten out, more miniature clamps are added to stop the slip. The pre-strain is then
pursued further.
Figure 6.54: When the final pre-strain dimensions are reached, a glass-fibre frame with dimensions equal to the
pre-strained final lengths is coated in double-sided tape and placed over the pre-strained silicone
sheet. The silicone sheet is pressed against the double-sided tape to promote adhesion. A bead of
silicone glue is applied to permanently attach the silicone sheet to the glass-fibre frame.
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Figure 6.55: A schematic of the I-section glued down onto the pre-strained membrane. The electrodes are shown
as purple strips either side of the frame and the active area as dashed rectangles.
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Figure 6.56: The actuator with the left electrode actuated. The side arms of the I-section are tapered and separate
from the middle member to reduce the effect of resistive shear stresses from the side portions of the
frame. The position of the electrode and side arms of the I-section prior to actuation are shown in
red dashed lines.
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Figure 6.57: The final EAP actuator made from a sandwich of i) two membranes: an underlying driving EAP
silicone membrane with electrodes (the blue dashed rectangles indicate the active portions of the
electrodes), a driven silicone-acetate membrane (top layer) and ii) a balsa wood I-section (green
dashed lines) whose profile (tapering towards the edges) is such that the side, resistive shear forces
are minimised.
Chapter 7
Development of Electromagnetic
Oscillating-Surface Actuators
7.1 Introduction
The electroactive polymer actuator performance, although very promising and novel, leaves
much to be desired in terms of its reliability, owing in part to the immaturity of the
technology. An electromagnetic actuator based on the same principle of a resonant device
as the EAP actuator was developed in order to enable long and reliable data acquisition
in wind-tunnel experiments. This chapter describes the idea behind the actuator, its
development and its testing. In developing this actuator, extensive help was sought from
Mark Potter, post-doctoral researcher in the Flow Control Research Group.
7.2 Electromagentic actuator development
The electromagnetic actuator developed here is named EMOS (ElectroMagnetic Oscillat-
ing Surface); it is based on a flat plate of known mass suspended between four springs
each of known stiffness and driven to resonant frequency, by a purpose-built miniature
linear induction motor, (7.1). The oscillating flat-plate mass, m, was tuned by cutting out
parts of its surface (the square and round holes shown) such that in conjunction with the
stiffness, k, of each of the four springs gave the desired resonant frequency. The oscillating
plate was made out of 1 mm thick aluminium flat sheet and bent at strategic edges for
increased section modulus and improvements to out-of-plane stiffness.
The outer frame was made out of non-magnetic stainless steel, 2.5 mm thick for stability.
The springs, made of spring-steel and purchased from Springmasters Ltd. were of the
helical tensile type with a hook at each end. This design is not ideal for an application
requiring large amplitude at large frequencies, but such a design was the only one found
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on the market for the correct spring stiffness and size.
Figure 7.1: Schematic of the flat plate mounted between four pre-strained springs onto an outer frame.
7.2.1 Springs under dynamic load
In the company catalogue Lesjofors (2009), a section entitled “Durability and Lifecycle”,
provides typical static shear stress vs. wire diameter for springs for different materials.
A figure in this section shows the highest permitted shear stress for a statically loaded
spring with an expected life of less than 104 cycles. The catalogue goes on to state that
“the strength of an extension spring is determined largely by its loop design. With a
normal loop, bent from the body of the spring, a strength loss of about 10-15% should be
expected as the loop is weaker than the rest of the spring.” The quoted maximum shear
stress values were for a lifetime of 104 cycles but this maximum permissible stress falls to
lower values with increasing number of cycles required from a spring. For 107 cycles, this
permissible value falls to 60% of the value quoted for static (or up to 104 cycles). This
value is expected to drop further to account for the weakness of the end loops. Referring
to figure 7.2 the maximum shear stress in a spring occurs at point B where the bend radius
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is the smallest and is given by τB = (8FD/(pid3)) · (r3/r4). The maximum bending stress
occurs at point A and is given by σA = (16FD/(pid3)) · (r1/r2). For both stresses, the
term ri/rj is the stress concentration factor, (efunda, 2010).
Figure 7.2: Helical springs with end loops bent from the body of the spring showing the locations of maximum
shear and bending stresses, (efunda, 2010).
7.2.2 Electromagnetic Linear Motor
Given extensive instructions and support by Mark Potter, an electromagnetic linear motor
was developed in-house. With reference to figure 7.3, the motor consists of a coil wound
on a bobbin that could run along a mild steel rod between two magnets. The two magnets
were installed such that the two similar poles were facing each other. This polarises the
rod in the middle to have an outer magnetic pole opposite to that of the magnets and an
inner opposite pole. The magnetic return path helped direct the magnetic field lines from
their pole of origin to the opposite pole with minimal losses. The rod also served as a guide
for the coil bobbin to run along, (figure 7.4). By Fleming’s left-hand-rule, both sides of
the coil shown in figure 7.3 provide a force vertically upwards with the magnet polarities
as shown. By using an alternating voltage supply to the coil (supplied by circuitry as
described in sub-section 7.2.3), the polarity of the coil could be reversed and hence, while
the direction of the magnetic field due to the magnets remained the same, the force on
the coil would be reversed. The coil bobbin was eventually glued to the underside of the
oscillating flat plate using a two-part epoxy adhesive. Keeping the magnetic path and
magnets attached to a foundation, the coil, driven by an alternating supply voltage was
then allowed to vibrate and drive the flat plate mounted on springs.
7.2.3 Power supply circuitry to the coil
Again with extensive support from Mark Potter, a bespoke circuit was developed in order
to drive the coil of the electromagnetic linear motor. The input to this circuit is a signal
from the analogue output of the Data Acquisition Card. An input buffer consisting of
an op-amp in inverting-amplifier mode protects the DAQ Card from the back-emf created
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Figure 7.3: Schematic of the electromagnetic linear motor showing the coil wound on a bobbin, the two magnets
and the central rod.
by the the coil. The inverting input and feedback resistors were chosen such that the
op-amp had a gain of 2. This amplified signal was then fed to a push-pull twin-transistor
assembly through two diodes. The transistors were powered by a power supply able to
supply sufficient current to power the motor. A push-pull circuit schematic similar to the
one used here was reported in Horowitz & Hill (1989). The output signal consisted of a
square wave. The circuit is shown in figure 7.5.
7.2.4 Mathematical model of the oscillatory system
The required mode of oscillation of EMOS is the transverse, in-plane mode.
7.2.4.1 Transverse mode
This is the mode of oscillation required of this actuator, i.e. in-plane oscillations of the
plate. Referring to figure 7.6, letting the springs original length be L0 and giving them a
pre-strain x0, the plate is given a downward perturbation ∆x and released. From Newton’s
Second Law,
∑
F = mx¨ (7.1)
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Figure 7.4: The electromagnetic linear motor showing the magnetic path, the central rod, the magnets and the
coil.
and hence
mx¨− 2k(x0 −∆x) + 2k(x0 + ∆x) = 0 (7.2)
which simplifies to
mx¨+ 4k∆x = 0. (7.3)
This leads to the natural frequency in this mode being defined as:
ωn,t =
√
4k
m
(7.4)
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Figure 7.5: Schematic of the circuit built to drive the coil of the electromagnetic linear motor.
Figure 7.6: Schematic of actuator for mode 1 analysis.
7.2.5 From concept to practice
The aerodynamic design indicates that a deflection of the plate of typically ±4 mm (or,
at most ±6 mm) is required. This dictated the minimum stretch that a spring needed
to be pre-strained by. Giving the springs a larger pre-strain to improve the out-of-plane
rigidity of the actuator led to premature spring failures by fatigue as predicted from plots
on ‘Durability and Lifecycle’ on Lesjofors (2009). This was confirmed from experiments.
The springs were hence pre-strained to a lower pre-strain for a starting strain of typically
18%. This provided a much better fatigue resistance but unwanted modes of oscillation
started to affect motion. To counteract this, a set of PTFE pads were glued onto the
underside of the oscillating plate and a set of screw-mounted ball bearings mounted on
the underneath. The ball bearings were screwed towards the PTFE pads until, during
actuation, the pads slid over the ball-bearings and provided out-of-plane support for the
oscillating plate. This out-of-plane bearing system greatly minimised the out-of-plane
motion but, with time, the PTFE pads wore down. They were eventually replaced by
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polished steel shim so a steel-on-steel sliding bearing was established. Figure 7.7 shows
the system of screw-mounted ball-bearings and the stainless-steel pads.
Figure 7.7: The out-of-plane bearing system consisting of stainless steel pads sliding over ball-bearings whose
height can be adjusted. This system reduced out-of-plane vibrations while still allowing in-plane
sliding.
7.2.6 Frequency tests on EMOS
A chirp signal generator was written in LabView and outputted via the NI-6259 PCI Data
Acquisition Card analogue output. The signal was amplified with power provided by the
circuit described in section 7.2.3. The chirp was designed so that the frequency was varied
continuously in the range from 1 Hz to 75 Hz and the amplitude of oscillation of the
oscillating plate was monitored by the OptoNCDT 1800 ILD1810-50 large-standoff laser
profilometer as shown in figure 7.8. As predicted by equation 7.4, the resonant frequency
of the oscillating plate was close to 44 Hz. The input voltage signal and the resulting
deflection of the plate were analysed in MATLAB and the actuator transfer function was
established as a Bode plot for magnitude and phase. The two plots are shown in figure 7.9.
Resonance at 44 Hz coincides with the peak amplitude and the phase difference between
the driving electrical signal and the measured deflection undergoing 180◦ phase change.
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7.2.7 Out-of-plane vibration
The ball-bearing-polished-steel bearing assemblies reduced the extent of the out-of-plane
vibration but this has not been totally eliminated. This is, in fact, one recommendation
for future work - to ensure a better out-of-plane performance of the actuator, especially if
experiments are performed at larger Reynolds numbers. Figure 7.10 shows a typical out-
of-plane trace together with the the square wave driving voltage. For the particular case
shown, the out-of-plane deflection is seen to be approximately ±100 µm (200 µm peak-
to-peak) while the in-plane vibration amplitude was ±4 mm. The out-of-plane vibration
corresponds roughly to ±2 ν/uτ .
7.3 Development of EMOSLite
The development of a lighter version of EMOS was also pursued, namely an actuator based
on the same principle but whose spanwise-oscillating member was kept to approximately
10 grams. This limit on the mass of the oscillating member was imposed in order to limit
the magnitude of spanwise-oscillating inertial forces. Keeping these forces small allowed
EMOSLite to be mounted on the air-bearing drag balance without affecting its stability
and measurements.
7.4 Summary
A spanwise oscillating plate actuator, driven by an electromagnetic linear motor was de-
signed and built. The actuator is capable of meeting the aerodynamic requirements of
this experiment as set in chapter 4. To limit undesired out-of-plane vibrations, a bear-
ing system was developed, which improved the actuator’s in-plane-staying performance
but introduced friction in the system. Friction led to a higher power consumption of the
electromagnetic linear motor. For applications at higher Reynolds numbers, where, i) the
viscous sub-layer gets thinner and hence minimisation of out-of-plane vibrations becomes
even more important, ii) the oscillation frequency required is higher and hence friction
between the oscillating plate and the bearings gets larger, a design which eliminates the
out-of-plane vibrations without the need of bearings is required. A design where C-leaf
springs made from spring steel could replace the helical springs utilised here has been
suggested. The C-springs could provide the in-plane stiffness required for in-plane vibra-
tions as well as a large out-of-plane stiffness which could be load-bearing and potentially
minimises out-of-plane vibrations. Finally, the design of the actuator developed here is
based on the oscillating part being driven at its resonant frequency. In the absence of
mechanical damping in the system and hysteresis in the springs, the only resistive force on
the oscillating plate would be the lateral aerodynamic drag. Design for minimum damping
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is hence of paramount importance for actuators designed to attain net energy savings.
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Figure 7.8: A schematic of the setup to measure the oscillating plate deflection in response to a chirp signal.
An OptoNCDT 1800 ILD1810-50 large-standoff laser profilometer measures the plate deflection by
reflecting its incident beam off a small block glued to the plate’s surface.
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Figure 7.9: The Bode plot for magnitude and phase for the electromagnetic actuator.
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Figure 7.10: The typical out-of-plane deflection of the electromagnetic actuator as measured by the OptoNCDT
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the hot wire position.
Chapter 8
In-plane surface actuation
8.1 Introduction
This chapter presents the results for the effects of spanwise wall oscillation compared to
the baseline unactuated case for which mean profile data appear in table 8.1. The data
presented here was obtained over the electromagnetic oscillating surface presented in the
last chapter. The scheme adopted for data post-processing is explained and a correction
scheme for the yaw effects due to the spanwise velocity on the hot wire is explained.
Changes in the mean quantities, the second order moment, skewness, kurtosis, pdfs and
spectra are presented. The variation of the drag reduction with streamwise coordinate is
also presented. Direct drag measurements and PIV measurements compliment the hot-wire
data.
U∞ δ δ1 δ2 Cf Reδ2 uτ
m/s mm mm mm m/s
6.25 54 8.03 5.91 0.00312 2430 0.247
Table 8.1: Table showing the relevant parameters that describe typical base flows investigated.
8.2 Stability of the Stokes Layer
In chapter 2, it was noted that the Stokes layer may also experience transition to turbu-
lence. Four flow types were identified as cited from Akhavan et al. (1991a). In flow type I,
the Stokes layer is fully laminar while in type II, a laminar flow with superimposed small
amplitude velocity fluctuations during the acceleration phase of the cycle and laminar flow
during other phases is observed. Flow types III and IV refer to a turbulent Stokes layer
and are hence of marginal interest to this work. It is imperative that in the absence of a
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streamwise boundary layer, the Stokes layer is kept laminar as the success of the drag re-
duction scheme hinges on the favourable interaction between the laminar Stokes layer and
the linear sublayer. If the Stokes layer is itself the source of unwanted perturbations then
it is likely that these perturbations will be sites of turbulent growth with possible increases
in drag. The lowest value of the critical Stokes Reynolds number, Reδ = U0δsl/ν where
δsl =
√
2ν/ω, for a flat-plate or for a circular pipe with Λ > 5 (Λ = Rδsl is known as the
Stokes parameter, see section 2.3.1.1, where R is the pipe radius) was that by Kamphuis
(1975) with Reδ = 142.
8.3 Spanwise wall oscillations: mean velocity profiles
A number of hot-wire traverses were conducted over the oscillating surface at several
streamwise positions relative to the leading edge of the actuator. Such an exercise was
carried out to capture the changes in the mean and higher-order statistics as well as to
assess the spatial transient of the control.
Figure 8.1 shows, in dimensional form, a plot of the mean velocity against the wall-normal
coordinate y. The data closest to the wall show a slight effect of heat conduction to the
wall as evidenced by the slow curl-up of the profile. Such an effect was later removed
by truncating the data at a point above which such heat conduction effects were deemed
absent, aided to an extent by a Diagnostic Plot presented by Alfredsson et al. (2009). The
figure shows six data sets, three unactuated cases, and three actuated cases each with a
different wall amplitude but with the same oscillation frequency of 44 Hz.
8.3.0.1 Experimental procedure
These six data sets, as in all other experiments, were acquired in one session, i.e. in one
traverse and at each wall-normal location, six data sets were recorded, before instruction
was given to move to a new location. The six conditions were, (in order):
1. OFF
2. ON with 4 mm peak-to-peak amplitude
3. OFF
4. ON with 6 mm peak-to-peak amplitude
5. OFF
6. ON with 8 mm peak-to-peak amplitude
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Figure 8.1: A plot, in dimensional coordinates of the mean velocity against the wall-normal coordinate. The wall-
normal coordinate is labelled “assumed” since the position has been obtained using the experimental
y-shift recorded at the beginning of the experiment. The data still includes the portions closest to the
wall which were affected by wall conduction; these portions were later truncated. The data shown here
have not been corrected for effects of spanwise wall velocities due to wall motion either.
The rationale behind this sequence is two-fold: first, acquiring the hot-wire signal for all
conditions at the same position ensures the coincidence of the wall-normal position for all
six cases and so a direct comparison can be immediately obtained without resorting to
wall-datum techniques for separate traverses. The error in absolute hot-wire position is
therefore common to all six data sets since the wall-finding scheme is applied only once.
Second, any effects of hot-wire drift were minimised because the time difference between
data at the same y is the least.
The hot-wire probe was calibrated at freestream conditions against the Pitot-static probe
connected to a Furness FCO510 micromanometer with the tunnel controlled by the PID
system. The pressure and temperature data from the Furness FCO510 micromanometer
were acquired by the computer via the RS232 connection ensuring maximum resolution
and accuracy of the instrument. The hot-wire signal was ‘T’d to i) a filter-amplifier set and
then to the National Instruments NI-6259 16-bit data acquisition card and ii) directly to
the NI-6259 card. In this way both the raw and conditioned signal were obtained. During
calibration, the tunnel was set to twelve different velocities by the PID controller. The
velocity and hot-wire data were then analysed operating on the conditioned data using
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both a fourth-order polynomial and (on the raw data) a King’s power law. This procedure
was adopted to ensure a reliable conversion of hot-wire voltage data to velocity data.
The hot wire was then moved towards the boundary layer until, with the aid of a micro-
scope, the wire’s unetched portion was seen to be in contact with the surface. At this
point, a laser triangulation meter from MicroEpsilon, model OptoNCDT 2200 mounted
to follow the traverse motion, was zeroed. Initially, due to backlash, the hot wire did not
move away from the wall but its motion away from the wall was monitored by the laser
triangulation meter. The traversing was typically stopped when the hot wire had moved
by about 200 to 250 µm. This offset value was recorded. A large-standoff triangulation
laser meter model OptoNCDT 1800 ILD1810-50 was then used to measure the out-of-plane
vibration of the surface at a location close to where the hot-wire measurements were taken.
The same large-standoff meter was then mounted in the same plane of the actuator surface
to follow a small wooden block glued to the actuator surface to obtain the surface spanwise
position (and hence velocity and acceleration) during the course of the experiment.
The wall-normal traverse was then initiated, with the tunnel kept at constant velocity
by the PID controller. The acquired data consisted typically of the tunnel temperature
(FCO510), the dynamic pressure (FCO510), the oscillating wall position (laser triangula-
tion), raw hot-wire and conditioned hot-wire signals. Following the end of the traverse, a
second hot-wire calibration was carried out.
8.3.1 Post-processing of data
The data for the unactuated cases only were considered first. The raw hot-wire data
were processed using the King’s power law while the conditioned data were processed
using the fourth-order polynomial relationship. The wall-normal position (and its initial
y-offset as measured experimentally) was then analysed by plotting it against the mean
velocity. Following a scheme described in Hutchins & Choi (2002), a y-offset-correction
was computed as follows. The data were truncated such that the portion affected by
wall conduction was removed. This was estimated to be approximately up to y+ = 3.5
for a wooden surface in Hutchins & Choi (2002). A linear regression was performed
for a range of y-offset-corrections (a correction added to or subtracted from the wall
normal position) on the dimensional data (i.e. the position vector in mm and the velocity
vector in m/s) above y+ = 3.5 and within y+ = 5 (or at most y+ = 6). The regression
which produced the minimum sum of squares due to error in the data range equivalent
to y+ = 3.5 − 6 and passing through the origin data point (0,0) was selected as the best
fit and the corresponding y-offset-correction recorded. Of course, it is not known a priori
whether the selected range of data is within y+ = 3.5−6 but a check can verify this and if
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necessary, changes are made to the range. Hence from the gradient of the linear regression,
an estimate for ∂U/∂y is obtained and so a value for uτ . The following is a summary of
the procedure in point form:
1. The data for unactuated cases (3 cases in total) were loaded into MATLAB.
2. The data was converted from hot-wire voltages to velocities using the calibrations.
3. Data for the three cases was assembled into one set of wall-normal coordinate vs.
streamwise velocity.
4. An approximation from theory and from previous experiments to characterise the
base flow of the friction velocity was made. This allowed identification of which data
points fell in the range y+ = 3.5 and 6.
5. A linear regression, forcing the relationship to pass through the origin (0,0), was
performed on the dimensional data consisting of:
• the wall-normal location + correction (in mm) and
• streamwise velocity (in m/s).
6. A loop was implemented where the correction was let to vary by 1 µm at each
step and the sum of squares due to error between the data and the linear fit was
calculated.
7. The case for which the the sum of squares due to error was minimum was selected.
The correction in wall-normal location for this case was recorded.
8. The friction velocity was then found from uτ = ν ∂U∂y .
9. Using this value for uτ , the data points used for the regression were checked that
they lay within y+ = 3.5 and 6.
10. A post check was performed on the gradient within y+ = 6 of a plot of u+ vs. y+
expecting unity as a result.
8.3.1.1 Effect of yaw on the velocity measurement
Close to the oscillating surface, where the spanwise velocity can be compared to the stream-
wise velocity, the resultant velocity vector will be yawed to the streamwise direction. This
is expected to have some effect on the velocity as measured by the hot-wire probe. Al-
though the sensitivity of the hot wire to flows along its length is small, there is still the
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need to quantify to what extent to which the spanwise velocity affects the streamwise
component. This effect was investigated by using the equation for the effective velocity as
given in Bruun (1995),
V 2e = U
2
N + k
2U2T + h
2U2B (8.1)
where k and h are the sensor’s yaw and pitch coefficients with reference to figure 8.2.
Typical values for k and h are respectively, 0.2 and 1.05, (Bruun, 1995).
Figure 8.2: The hot-wire in a fixed coordinate system of the wind-tunnel. Air flow is along the x axis while the
oscillating surface oscillates along the z axis in an x − z plane. Axis y represents the out-of-plane or
wall normal dimension. Shown in the same figure are velocity components along the coordinate system
of a general velocity vector.
The out-of-plane vibration of the surface was monitored with the large-standoff laser tri-
angulation meter and was found to be always within ±80 µm, at worst, ±100 µm (200
µm peak-to-peak, typically ±2 ν/uτ ). At an actuation frequency of 44 Hz, this gives a
maximum out-of-plane velocity of the surface of 0.025 m/s. The streamwise velocity at a
height of 250 µm (where typically the first measurement was taken) is approximately 0.8
m/s. The spanwise velocity at the same height due to the surface motion is approximately
0.2 m/s for the smallest actuation case (∆z = 4 mm). Hence, given at least an order of
magnitude between these velocity components, the effect of the out-of-plane motion was
neglected so that the effective velocity equation was simplified to
V 2e = U
2
N + k
2U2T . (8.2)
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The Stokes layer is itself a linear solution of the diffusion equation. The oscillating wall
position was recorded by the large-standoff laser-triangulation meter and acquired together
with the hot-wire signal. Hence the wall velocity was known at all times. Assuming a
Stokes solution over the flat-plate, the instantaneous spanwise velocity at all wall normal
locations was known and, utilising the effective velocity equation, the normal (streamwise)
component was established. The order of the followed procedure is given here:
1. The experimental y-offset and its correction were loaded into MATLAB.
2. The actuated data sets were loaded into MATLAB and using the King’s power law
and the polynomial calibration relationships, the hot-wire voltage (raw and condi-
tioned respectively) converted to velocity.
3. The corresponding oscillating wall position with time was loaded into MATLAB. A
sine function of the form y = a1 sin(b1t+c1) was fitted to the data by a least-squares
scheme. The resulting fit was differentiated so a relationship for the wall velocity
with time was obtained. The frequency of oscillation of the wall was identified from
the fit.
4. The experimental y-offset, its correction, the viscosity and the frequency of oscillation
of the wall were used to form the Stokes parameter η in equation 2.5.
5. The local spanwise velocity was found from equation 2.5.
6. The equation V 2e = U
2
N + k
2U2T with k = 0.2 was used to find the velocity UN . It
is important to note here that this value of k is a standard value for the sensor’s
yaw coefficient as obtained from Bruun (1995) and not a yaw coefficient that was
actually measured.
8.3.1.2 Diagnostic plot
The data were plotted in a diagnostic plot as suggested by Alfredsson et al. (2009) to
assess the truncation of portions affected by wall conduction. The data from figure 8.1
has been plotted in a diagnostic plot as shown in figure 8.5 where the portions closest to
the wall affected by wall conduction have been highlighted. Alfredsson et al. (2009) report
that the relative level of the rms of the wall shear-stress fluctuations, τ ′/τ is related to u′
as:
τ ′
τ
= lim
y→0
u
U
. (8.3)
Alfredsson et al. (2009) report that the value of τ ′/τ is around 0.4 for typical laboratory
Reynolds numbers; however it may increase slightly with Re. Figure 8.5, suggests that this
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Figure 8.3: The oscillating wall position as monitored by the large-standoff-distance laser meter, the fit to the
data, the oscillating wall velocity and the spanwise velocity at a particular wall-normal location, in
this case, 0.195 mm. It is noted that the spanwise velocity at 0.195 mm lags that of the wall and has
decayed, as governed by equation 2.5. Note that the velocity of the wall and the spanwise velocity
have been scaled down by a factor of 100 for better clarity.
method of identification of the limit for wall conduction effects is somewhat conservative.
8.3.1.3 Presented data
Figure 8.6 shows the data from figure 8.1 non-dimensionalised by, (Top), the estimated
friction velocity from unactuated cases, uτ,unact = 0.248 m/s, and (Bottom), the estimated
friction velocity from each of the individual actuated cases, uτ,act = 0.242 m/s for the ∆z
= 4 mm case, 0.238 m/s for the ∆z = 6 mm case and 0.234 m/s for the ∆z = 8 mm case.
The non-dimensional period of oscillation was T+ ≈ 90. (It should be noted here that the
data presented has been corrected for yaw effects, although the corrections are negligible).
It is seen that when the data are normalised by uτ,unact, the profiles for actuation fall
below the relationship y+ = u+ onto which the unactuated case collapses (as shown in the
inset plot in figure 8.6, Top), indicating a drag reduction. It is also observed that in the
log region, the data for drag reduction cases shifts slightly above that for the unactuated
case to maintain flow continuity. On the other hand, using uτ,act to normalise each data
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Figure 8.4: The streamwise velocity (conditioned and raw) before and after correction for local spanwise velocity
due to the spanwise wall oscillations. The figure also shows the wall velocity and the local spanwise
velocity. It is noted that the largest corrections occur when the local spanwise velocity reaches its
peaks.
set independently, causes the data for all cases to collapse in the sublayer (as shown in
the inset plot in figure 8.6, Bottom). The data in the log region are shifted upwards as
the drag reduction increases. It was also observed that the region in which u+ = y+ is
extended for cases of drag reduction, indicating a thickening of the linear sublayer.
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U both normalised by the freestream velocity U∞. The ‘curl-away’ from the line of slope 0.4, at the
beginning of the data, indicates wall conduction.
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Figure 8.6: Non-dimensional plots of the data from figure 8.1 non-dimensionalised by (Top) the estimated friction
velocity from the unactuated cases, uτ,unact and (Bottom) the estimated friction velocity from each
of the individual actuated cases, uτ,act.
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Figure 8.7: Non-dimensional plot of the data from figure 8.6 on linear axes (as opposed to log x-axis) showing the
profiles following a u+ = y+ trend in the near-wall region.
8.4 The second-order moment, skewness and flatness
The mean square fluctuating component of the streamwise velocity is shown in figure 8.8
where u2 is normalised by u2τ,unact. It is seen that for the unactuated case, the peak is
approximately at y+ = 15. For the actuated cases, reductions in u2 are observed close
to y+ = 20. It is also observed that the peak moves (with increasing wall oscillation
amplitude) slightly above y+ = 15, confirming the thickening of the linear sublayer.
As with the mean velocity profiles, u2 data were also normalised by the individual value of
uτ , figure 8.9. It is observed that the profiles now collapse in the viscous sublayer but, in
the linear sublayer (say below y+ = 7), the profiles for cases of drag reduction fall slightly
below the unactuated data (see inset). The lack of complete collapse of profiles indicates
that the change due to actuation involved more than just a diminution of the wall-normal
gradient (as indicated by the reduction in the friction velocity); a more fundamental change
in the near-wall turbulence structure and its feedback mechanisms is revealed.
An increase in skewness is shown in figure 8.10. Although the skewness peak has not
been captured, the trends suggest that this peak moves away from the wall and that the
skewness has also been made positive at wall normal locations where previously it had
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Figure 8.8: Non-dimensional plot of the mean square of the fluctuating component of the velocity non-
dimensionalised by the estimated friction velocity from the unactuated cases, uτ,unact.
had a negative value. Figure 8.11 shows an increase in kurtosis also: both this and the
increase in Su may be explained by an enhancement of some high-speed streaks.
8.5 Changes in pdfs
The probability distribution functions (pdfs) at several wall-normal locations were also
analysed for changes compared to the unactuated cases, as shown in figure 8.12. A set of
pdfs at 6 wall-normal locations are plotted such that
∫ ∞
−∞
P (un)dun = 1, (8.4)
where un = uσu . σu is the local r.m.s. value of the fluctuating component.
For the unactuated case, the pdfs at y+ = 4.7 and 5.5, even though positively skewed,
appear to be tilted to the negative direction. For drag-reducing cases, the negative tails
of the pdfs are observed to decrease with smaller reductions of their positive values. The
effect lasts up to approximately y+ = 10 beyond which the pdfs with and without control
become more or less identical. An increase in skewness can come from two effects: i) an
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Figure 8.9: Non-dimensional plot of the mean square of the fluctuating component of the velocity non-
dimensionalised by the estimated friction velocity from the individual cases.
increase in the large positive velocity fluctuations or ii) reduction of small negative velocity
fluctuations. From these figures it is suggested that the increase in skewness is caused by
effect ii) above. This can be misleading, however. To investigate this further the data were
re-plotted as the weighted pdfs by u2n = (u/σu)
2, figure 8.13, the skewness distribution
and kurtosis distribution functions of u and the cumulative distribution function of the
skewness and kurtosis of u. These are displayed in figures 8.14 to 8.15.
The weighted pdfs in figure 8.13 show that, although the reduction in the small negative
values of u is obvious, the enhancement of large intermittent positive events is also evident.
In these figures,
∫ ∞
−∞
u2nP (un)dun = 1. (8.5)
The effect of the actuation is made even clearer when the pdfs are pre-multiplied by
(u/σu)3, normalised by the value of the skewness for the unactuated case, i.e.
u3P (u/σu)
σ3u
/Sunact, (8.6)
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Figure 8.10: The wall-normal distribution of the skewness of the fluctuating component of the streamwise velocity
for unactuated and actuated cases. The inset shows a zoomed-in plot of the near-wall distribution.
shown in figure 8.14. Following from the definition of the third moment, i.e.
∫ ∞
−∞
u3P (u)du = u3, (8.7)
this set of pre-multiplied pdfs shows the skewness probability distribution normalised by
the skewness of the unactuated case. This is further supported by the cumulative distri-
bution functions (cdfs) plotted on the same figure 8.14 and normalised by the skewness of
the unactuated case, i.e.
∫ u/σu
−∞
u3.P (u/σu)
σ3u
/Su,unact. (8.8)
The cdf distributions scan across the u/σu range and cumulatively grow in value towards
the value of the skewness at the particular wall-normal location (normalised by the skew-
ness of the unactuated case), i.e. as it approaches the right-hand side of the figure, the
cdf attains a value equal to
∫ ∞
−∞
u3.P (u/σu)
σ3u
/Su,unact =
Su,act
Su,unact
. (8.9)
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Figure 8.11: The wall-normal distribution of the kurtosis of the fluctuating component of the streamwise velocity
for unactuated and actuated cases. The inset shows a zoomed-in plot of the near-wall distribution.
The cdf for the unactuated case peaks at a value of 1, whereas those for actuated cases,
being normalised by the unactuated skewness, peak at a value Su,act/Su,unact > 1. It is
observed that contributions to the increase in skewness (noted in figure 8.10) come from
both the reduction in the small negative side of the pdf and also from the enhancement of
intermittent large positive events, (Ku > 3). This is further illustrated by the differences
between the cdf of the actuated case and that of the unactuated case (see figures beneath
each of the normalised pdf and cdf figures), which suggest that the major contribution to
the skewness is indeed also coming from the enhancement of the intermittent large positive
values of u.
Figure 8.15 shows pdfs premultiplied by u4 and normalised by σ4u, i.e.
u4.P (u)
σ4u
/Ku,unact. (8.10)
From the definition of the fourth moment, i.e.
∫ ∞
−∞
u4P (u)du, (8.11)
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this set of pre-multiplied pdfs shows the kurtosis probability distribution normalised by
the kurtosis of the unactuated case. Such a pre-multiplication further enhances the tails
of the pdfs, giving better indication of which changes contribute mostly to the change in
kurtosis. The observations are supported by the cdfs given by
∫ u/σu
−∞
u4.P (u)
σ4u
/Ku,unact. (8.12)
The cdf distributions scan across the u/σu range and cumulatively grow in value towards
the value of the kurtosis at the particular wall-normal location (normalised by the kurtosis
of the unactuated case), i.e. as it approaches the right-hand side of the figure, the cdf
asymptotes to a value equal to
∫ ∞
−∞
u4.P (u)
σ4u
/Ku,unact =
Ku,act
Ku,unact
. (8.13)
The cdf for the unactuated case peaks at a value of 1, whereas those for actuated cases,
being normalised by the unactuated kurtosis, tends to Ku,act/Ku,unact > 1. It is again
evident that the changes on the positive side of the pdfs contribute too to the change
(increase) in kurtosis, at least for locations close to the wall. This is supported by the
differences between the cdf of the actuated case and that of the unactuated case (see figures
beneath each of the normalised pdf and cdf figures).
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Figure 8.12: A set (this figure and the figures in the last two pages) of probability distribution functions of
the fluctuating component u at various wall-normal locations. The pdfs are scaled such that∫∞
−∞ P (un)dun = 1, where un = u/σu.
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Figure 8.13: The same set of subfigures as in figure 8.12 are now weighted by u2n = (u/σu)
2 to enable better
observations of the effect of the control on large negative and positive values of the fluctuating
component.
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Figure 8.14: (Set of 6 figures) The same set of subfigures as in figure 8.12 are now weighted by u3 to give the skew-
ness distribution function. Each figure consists of two sub-figures: in the top plot, the pdf, weighted
by u3 is plotted together with the cumulative distribution function (cdf); both are normalised by
the skewness Sunact of the unactuated case. The cdf ends with a value equal to the skewness at the
particular wall-normal location, normalised by the skewness of the unactuated case. In the bottom
figure, the difference between the cdf for the unactuated case and each of the actuated cases is plotted.
The difference between the unactuated case and itself is shown as the red line on the abscissa; hence
any divergence between this datum and the curves for the actuated cases indicates contribution to
the skewness (when the curves for the actuated and unactuated cases are parallel to the abscissa,
there is no contribution; when the gradient is the highest, there is maximum contribution).
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Figure 8.15: (Set of 6 figures) The same set of subfigures as in figure 8.12 are now weighted by u4 to give the kurtosis
distribution function. Each figure consists of two sub-figures: in the top plot, the pdf, weighted by
u4 is plotted together with the cumulative distribution function (cdf); both are normalised by the
kurtosis Kunact of the unactuated case. The cdf ends with a value equal to the kurtosis at the
particular wall-normal location, normalised by the kurtosis of the unactuated case. In the bottom
figure, the difference between the cdf for the unactuated case and each of the actuated cases is plotted.
The difference between the unactuated case and itself is shown as the red line on the abscissa; hence
any divergence between this datum and the curves for the actuated cases indicates contribution to
the kurtosis (when the curves for the actuated and unactuated cases are parallel to the abscissa, there
is no contribution; when the gradient is the highest, there is maximum contribution).
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8.6 Changes in u-velocity spectra
Figures 8.16, 8.17 and 8.18 show the power spectral density (psd), φuu, while figures 8.19,
8.20 and 8.21 show the pre-multiplied psd at six different wall-normal locations, for each
of the wall amplitudes. In the figures 8.19, 8.20 and 8.21,
∫ ∞
0
fφuu(f)df = u2, (8.14)
so both the area under the curve and the ordinate are proportional to the energy. At
frequencies below 200 Hz, the psd is diminished for actuated cases and it is slightly in-
creased for frequencies above 200 Hz. This is in line with the observations of Choi (2002)
who suggested two possible mechanisms that may explain this: i) a promotion by the
wall-oscillation of the transfer of energy from large scales to small scales, and ii) the wall
oscillation suppresses an instability mechanism which leads to less production of turbu-
lence energy at large scales and augments other instability mechanisms which cause an
increase in production at higher frequencies. The effect of the actuation is apparent in the
spikes at 44 Hz and 88 Hz.
Figures 8.22, 8.23 and 8.24 shows the pre-multiplied spectra (f2Φ) vs. frequency distri-
bution at the same six different wall-normal locations as in figures 8.16, 8.17 and 8.18
for the unactuated case and the three actuated cases. The area under each spectrum is
proportional to the dissipation rate, , only if the turbulence is isotropic, which is far from
true for the present cases. Figures 8.22, 8.23 and 8.24 also show one component of the
turbulence spectrum; although the figures indicate a reduction in (f2Φ) for the actuated
cases for this component at the lower frequencies, from these figures alone, it cannot be
concluded that for the actuated cases, the spanwise oscillating surface causes a reduction
in the anisotropic turbulence dissipation rate.
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Figure 8.16: The power spectral density Φ, vs. frequency at different wall normal locations. This is the first part
of a set of 6 figures (see ensuing pages) for an unactuated case and for the three actuated cases.
It is observed that for the actuated cases, the spectra pass below that of the unactuated case for
frequencies below approximately 200 Hz and then after a cross-over pass slightly above that for the
unactuated case. A spike at the actuation frequency, i.e. 44 Hz can also be observed for the actuated
cases. The inset is a plot of the psd for just the unactuated case and the actuated case with largest
amplitude. The solid line straight line is a -5/3 relationship in line with Φ ∼ f−5/3 in the dissipation
range.
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Figure 8.17: The power spectral density Φ, vs. frequency at two more wall normal locations. This is the second
part of a set of 6 figures (see last and next pages) for an unactuated case and for the three actuated
cases. It is observed that for the actuated cases, the spectra still pass below that of the unactuated
case for frequencies below approximately 200 Hz and then after a cross-over pass slightly above that
for the unactuated case. A spike at the actuation frequency, i.e. 44 Hz can also still be observed
for the actuated cases although this feature is nearly absent in the plot at y+ = 8.9ν/uτ,unact. The
inset is a plot of the psd for just the unactuated case and the actuated case with largest amplitude.
The solid line straight line is a -5/3 relationship in line with Φ ∼ f−5/3 in the dissipation range.
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Figure 8.18: The power spectral density Φ, vs. frequency at different wall normal locations. This is the third and
last part of a set of 6 figures (see last two pages) for an unactuated case and for the three actuated
cases. It is observed that for the actuated cases, the spectra now barely pass below that of the
unactuated case indicating the actuation effect to be mainly wall-based. The spike at the actuation
frequency, i.e. 44 Hz is absent for the actuated cases bar for the largest amplitude case.
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Figure 8.19: The pre-multiplied power spectral density fΦ, vs. frequency at different wall normal locations. This
is the first part of a set of 6 figures (see ensuing pages) for an unactuated case and for the three
actuated cases. A spike at the actuation frequency, i.e. 44 Hz and higher harmonics, e.g. at 88 Hz,
can also be observed for the actuated cases. The inset is a plot of the psd for just the unactuated
case and the actuated case with largest amplitude.
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Figure 8.20: The pre-multiplied power spectral density fΦ, vs. frequency at two more wall normal locations. This
is the second part of a set of 6 figures (see last and next pages) for an unactuated case and for the
three actuated cases. A spike at the actuation frequency, i.e. 44 Hz can also still be observed for the
actuated cases. The inset is a plot of the psd for just the unactuated case and the actuated case with
largest amplitude.
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Figure 8.21: The pre-multiplied power spectral density fΦ, vs. frequency at different wall normal locations. This
is the third and last part of a set of 6 figures (see last two pages) for an unactuated case and for
the three actuated cases. The spike at the actuation frequency, i.e. 44 Hz is absent for the actuated
cases bar for the largest amplitude case.
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Figure 8.22: The pre-multiplied spectrum f2Φ, vs. frequency at different wall normal locations. This is the first
part of a set of 6 figures (see ensuing pages) for an unactuated case and for the three actuated cases. It
is observed that for the actuated cases, the pre-multiplied spectra pass below that of the unactuated
case indicated a reduction in dissipation and hence, for locations close to the wall, a reduction in
turbulence production. A spike at the actuation frequency, i.e. 44 Hz and higher harmonics, e.g. at
88 Hz, can also be observed for the actuated cases.
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Figure 8.23: The pre-multiplied spectrum f2Φ, vs. frequency for two more wall normal locations. This is the
second part of a set of 6 figures (see last and next pages) for an unactuated case and for the three
actuated cases. It is observed that for the actuated cases, the pre-multiplied spectra still pass below
that of the unactuated case indicated a reduction in dissipation and hence, for locations close to the
wall, a reduction in turbulence production. The spike at the actuation frequency, i.e. 44 Hz is now
less obvious for the actuated cases although for the location 8.9 ν/uτ , a spike at approximately the
second harmonic is observed.
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Figure 8.24: The pre-multiplied spectrum f2Φ, vs. frequency for two more wall normal locations. This is the third
part of a set of 6 figures (see last two pages) for an unactuated case and for the three actuated cases.
It is observed that for the actuated cases, the reduction in the pre-multiplied spectra compared to
the unactuated case is less pronounced suggesting that the control is wall-based and confined to a
near-wall region. The spike at the second harmonic is still observed.
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8.7 Spatial transient results
In section 2.3.2.11 it was reported that there is a streamwise spatial transient as the flow
adjusts to the new surface conditions imparted by the wall oscillations. Measurements at
various streamwise locations were performed in an exercise to capture this spatial transient.
Figure 8.25 shows a plot of the streamwise distance from the leading edge of the oscillating
surface against the drag reduction measured and processed by the technique described in
section 8.3.1. Such a spatial transient has consequences for the drag measured by a drag-
balance technique - this system measures the total drag on the surface, hence integrating
the effect of the spatial transient to an average that is somewhat lower than the maximum
drag reduction measured by the hot-wire technique towards the downstream end of the
oscillating surface. This is addressed in the next section.
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Figure 8.25: A plot of the drag reduction estimated from wall-normal hot-wire traverses at various streamwise
coordinates relative to the leading edge of the oscillating plate for the three amplitude of oscillation
conditions. The three horizontal dotted lines close to the bottom of the figure indicate the integrated
drag reduction for each case, multiplied by the factor 4/9, which is the area ratio of the oscillating
portion to the total portion, particular to this experiment. The integrated drag value was obtained
by integrating underneath each of the transient curves in the figure between the plate’s leading and
trailing edges and dividing by the plate’s length.
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8.8 Direct drag measurements
An estimate of the drag reduction expected to be measured by the drag balance in the
presence of a spatial transient was carried out, initially using the data from Quadrio &
Ricco (2003). Figure 2.43 showing the evolution of the wall shear stress with time was
converted to a spatial transient figure by using a convection velocity of 10 uτ as suggested
in Quadrio & Ricco (2003). The figure is reproduced here in figure 8.26 as a plot of
wall shear stress vs. streamwise distance. The first time-evolution trace, i.e. the one for
W+m = 3 was integrated over the area of the oscillating plate, to give an area-averaged
estimate of the drag reduction. In a personal communication with Quadrio, the peculiar
undershoot to approximately 0.86 × before a recovery to 0.9 × the drag without control for
the W+m = 3 trace in figure 8.26 was questioned. Quadrio pointed out that in their paper,
(Quadrio & Ricco, 2003), they eliminated the possibility of this being a discretisation
effect and hypothesised that this might be an effect of using a periodic basis function
for spectral DNS which makes the differential problem “too elliptic”. Quadrio suggested
using the final value, i.e. 0.9 × the drag without control for the W+m = 3 trace, (the
maximum drag reduction for this condition), hence re-scaling the area under the trace.
With reference to the red (scaled) trace in the inset in figure 8.26, and given the length of
the oscillating surface in this experiment is approximately 3500 ν/uτ , the area under the
trace was integrated up to s+ = 3500 and the result divided by 3500 giving an average
drag reduction of 5.4%. Hence for a maximum drag reduction of approximately 10% at
the rear edge of an oscillating plate 3500 ν/uτ long, the integrated drag reduction for the
condition W+m = 3 is approximately 5.4%.
This estimate requires rescaling for matching to the present experiment. The size of the
plate mounted on the air-bearing is 0.3 m × 0.3 m. The size of the oscillating portion is,
however, 0.2 m × 0.2 m with a 5 cm static boundary all around the oscillating portion.
Hence the total drag reduction measured for the condition addressed above is scaled down
by a ratio of 49 =
0.2×0.2
0.3×0.3 giving a drag reduction of approximately 2.4%.
Table 8.2 shows the integrated drag changes using the hot-wire measurements as shown
in figure 8.25. As above, the results are scaled by a ratio of 49 . It is interesting to note
the good agreement between the expected integrated drag reduction as estimated from the
DNS results and that obtained from hot-wire measurements. The DNS data correspond
to the case where ∆z = 6 mm because at this condition, W+m = (2 × pi × 43.9(Hz) × 3 ×
10−3)/uτ,unact = 3.3, where uτ,unact ≈ 0.245 m/s. From table 8.2, at this condition, the
expected measured drag reduction is 2.4%.
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Figure 8.26: The plot of the time evolution of the drag reduction from Quadrio & Ricco (2003) converted to a
spatial transient plot. The inset shows the trace for W+m = 3 plotted as a reduction in drag, reaching
approximately 14% before relaxing to approximately 10%. Based on advice from Quadrio (personal
communication) who suggested that the overshoot in drag reduction is not physical, the curve was
re-scaled such that the peak reduction was made equal to the long-term value. The trailing edge
of the oscillating surface for this experiment is approximately 3500 ν/uτ downstream of the leading
edge. The integrated (averaged) drag reduction was hence obtained by integrating under the re-scaled
W+m = 3 trace (red in the inset) up to s
+ = 3500 and and then dividing by this length.
8.8.1 Direct drag measurements with EAP actuators
In experiments to measure the friction drag directly using the drag balance when an
EAP actuator was mounted on it, the presence of rogue electrostatic forces set up by
the high-voltage supply was observed. These electrostatic forces were deemed to be due
to polarisation of the static and / or floating components by the high-voltage leads and
electrodes. The polarisation created attraction forces which affected the measurements of
the air-bearing. Figures 8.27 and 8.28 show two direct measurements affected by rogue
electrostatic forces. In both cases, the wind-tunnel was off and the air-bearing was un-
levelled such that the force transducer read a force roughly equivalent to the drag force
at the freestream velocity. Hence in these tests, no change was expected in the drag-force
measured by the transducer. Figure 8.27 shows a peculiar saw-tooth response indicating
a charge-discharge behaviour. Figure 8.28, on the other hand, shows an indication of a
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- Maximum drag reduction Integrated drag reduction
∆z = 4 mm ≈ 65 ν/uτ 4.3 1.5
∆z = 6 mm ≈ 97 ν/uτ 8.0 2.4
∆z = 8 mm ≈ 130 ν/uτ 11.4 3.7
Table 8.2: The maximum drag reduction as obtained from wall-normal hot-wire traverses and the integrated drag
reduction over the 0.3 m × 0.3 m flat plate of which only the inner 0.2 m × 0.2 m is active (the
integrated drag reduction value was multiplied by the factor 4/9 to reflect the effect of the active to
total area of the actuator mounted on the air-bearing.
reduction in force as the rogue forces created a force which attracted the floating element
upstream. A number of measures were taken to remove these rogue forces: grounding
all areas surrounding the actuator, reducing the cross-sectional area of the floating frame
(hence reducing the force due to polarisation) and balancing attraction forces by having
as many high-voltage leads upstream of the air-bearing as there are downstream. None of
these measures was effective.
0 200 400 600 800 1000 1200
0
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
0.01
0.011
0.012
Time (s)
Fo
rc
e 
(N
)
Force due to 2.5kV 5Hz HV supply on 0.3 m × 0.3 m flat plate vs. time (tunnel off)
Figure 8.27: Rogue forces due to the high-voltage supply. In this case, a saw-tooth response was observed sug-
gesting a charge-discharge bahaviour. The voltage was switched on at the time indicated by the
right-facing triangular marker and switched off at the left-facing triangular marker.
It was eventually discovered that, in all cases where the rogue forces were observed, the
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Figure 8.28: Rogue forces due to the high-voltage supply. In this case, an indication of a reduction of the measured
force was observed as the electrostatic forces induced by the high-voltage supply set up attractive
forces which pulled the floating element upstream. The voltage was switched on at the time indicated
by the right-facing triangular marker and switched off at the left-facing triangular marker.
high-voltage waveform had one common characteristic: its time-mean was not zero. When
two waveforms were used, such as when the resonant actuator described in section 6.8 was
powered, if each waveform had a time-mean of zero but their combination did not (e.g.
when the waveforms overlapped), the rogue forces re-appeared. Figure 8.29 shows a series
of waveforms and an indication on whether rogue forces were expected to be induced. The
ability to overlap waveforms is very important; switching on one electrode before the other
has gone to a zero value has the advantage of harnessing the inertia of the oscillating plate
and results in larger movements at resonance for the same voltage levels.
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Figure 8.29: A series of example waveforms and indications on whether rogue forces were expected to be induced.
The first waveform generates rogue forces as its time-mean is not zero. The second waveform consists
of two components; the time mean of each of the components is zero but since the two components
are overlapped (indicated by the shaded areas), the time mean is non-zero and hence rogue forces
are again generated. The third and fourth waveforms have a time-zero mean and no rogue forces are
generated.
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8.8.2 Direct drag measurements with EMOSLite
EMOSLite was mounted on the drag balance and measurements were conducted using
both the force-transducer and the laser profilometer systems as described in chapter 4.
This was a difficult experiment because, as highlighted in chapter 4, the air-bearing em-
ployed here did not constrain its modes of vibration (besides the streamwise one) very
well. EMOSLite, a very light version of the spanwise oscillating surface, was developed to
minimise the inertial forces associated with the spanwise oscillations. With EMOS, these
forces overwhelmed the air-bearing and its ability to reliably measure the friction drag.
The final mass of EMOSLite, made from balsa wood, heat-shrink plastic and a bespoke
coil, was approximately 14 grams. With the springs that were available, this led to a
resonant frequency of 35 Hz equivalent to approximately T+ = 110. This is higher than
the period used for the hot-wire measurements, which at 43.9 Hz was equivalent to T+ =
90. However given that the drag reduction vs. period as reported in literature is fairly flat
around T+ = 100, it was decided to pursue the direct drag measurements at this period.
The peak-to-peak amplitudes of vibration were again, approximately 4 mm, 6 mm and
8 mm and the out-of-plane motion, measured at a single point close to the centre of the
oscillating surface was within ±100 µm (200 µm peak-to-peak). The actuator, mounted
on the air-bearing was powered by very thin and narrow aluminium foil strips which were
given a large loop so that they provided no resistance to the air-bearing. The area of
the exposed oscillating surface was 17 cm by 20 cm while the total area was 30 cm by 30
cm. In section 8.8, it was stated that the ratio of active to total area was 4:9. In building
EMOSLite, due to fabrication difficulties, an actuator of 17 cm by 20 cm was built, making
the ratio 3.4:9. Hence the expected integrated and area-scaled drag reductions shown in
table 8.2 become 1.27% for ∆z =4 mm, 2.04% for ∆z =6 mm and 3.14% for ∆z =8 mm.
To test whether the actuator’s vibrations had any effect on the performance of the air-
bearing, the following procedure was followed. The wind tunnel was left switched off but
the air-bearing was switched on and unlevelled such that the floating element tried to move
downstream against the force transducer. The degree of unlevel was adjusted so that the
load on the transducer was approximately equal to the load due to friction-drag during a
wind-tunnel experiment. The actuator was mounted on the air-bearing and powered at
the frequency and amplitudes to be used. The force measured by the force transducer was
monitored. In the absence of an air-flow, no change in drag is expected and hence, any
change registered by the force transducer was deemed to be spurious and due to vibration.
The actuator was then mounted onto silicone-gel feet (Nusil MED-6345 silicone gel) to
damp out any vibrations being transmitted to the air-bearing. This improved the air-
bearing performance in that no further rogue effects were observed. This test was carried
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out before and after the wind-tunnel experiment. Figure 8.30 shows the time-trace of the
force from the transducer. The periods when the actuator was switched on are indicated
by right-pointing (for switch-on) and left-pointing (for switch-off) arrows. It is observed
that there was no change in the force measured when the actuator was made on. The
sudden change in force at t ≈ 830 was due to the air-bearing being unlevelled further.
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Figure 8.30: Results from a test to establish whether the air-bearing measurement capability was affected by the
actuator vibrations. The periods when the actuator was switched on are indicated by right-pointing
(for switch-on) and left-pointing (for switch-off) arrows. The top figure shows a 15-second long time-
trace of the force (still in Volts as output from the force transducer) while the bottom figure shows
15-second means of the force. The sudden change in force at t ≈ 830 was due to the air-bearing
being unlevelled further. The actuator performance during the six switch-on periods shown here was
as follows: f = 35 Hz and amplitudes: 4 mm (2 sets), 6 mm (2 sets) and 8mm (2 sets).
During the wind tunnel experiments, a software-based PID controller maintained a con-
stant freestream velocity. After a period of measuring the drag with the actuator switched
off, the actuator was switched on for a period of, typically, 60 seconds. Measured batches
of friction-drag force, fifteen seconds long were averaged and plotted against time. When
the actuator was switched off, checks were made to ensure that the reading returned to its
unactuated value before actuation was resumed. Figure 8.31 shows typical time-series of
drag measurements showing drag reductions. The measured drag reductions were smaller
than 2% and hence slightly larger than data scatter. In order to improve the analysis
of data, it was decided to use, typically, five data points (each, a 15-second average) be-
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fore and five data points after the actuation, and compute their average to establish the
baseline drag and then use the mean of the 4 or 5 data points during actuation to get a
measure of the reduction. From figure 8.31, the measured drag reduction is smaller than
expected but this was not at all unexpected. EMOSLite, with its constraint to be as
light as possible, was not an ideal actuator. Its surface flatness and rigidity left much to
be desired. During actuation, under dynamic loads, the actuator deformed slightly; the
surrounding acetate bridging the gap between the outside frame and the oscillating part
was also not entirely flat. This may have led to some pressure drag being created by the
oscillations as the local surface imperfections could have potentially created small areas of
separated flow.
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Figure 8.31: Direct drag measurements showing a reduction in drag for actuation.
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8.9 PIV results
There was a brief opportunity to use a time-resolved PIV system from Dantec Dynamics.
The beam, approximately 0.5 mm thick (although its intensity is of a Gaussian distribu-
tion), was aligned with the plane of the actuator and set such that its mid-plane at a height
equivalent to y+ = 15. Hence the data presented here are deemed to be representative
of a spatially-averaged flow. Figure 8.32 shows a schematic of the general arrangement of
the PIV setup.
Figure 8.32: The general setup of the PIV system showing the position of the laser beam and the camera in
relation to the actuator.
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Figures 8.33, 8.34 and 8.35 show the mean streamwise and the mean spanwise velocities
for the unactuated and actuated cases. The distributions show spatial variability deemed
to be due to surface height variations due to the actuator not being perfectly flat. However
reductions in the mean velocity have been observed for the 6 mm and 8 mm cases.
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Figure 8.33: The mean streamwise velocity u and mean spanwise velocity w for the unactuated case.
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Figure 8.34: The mean streamwise velocity u and mean spanwise velocity w for the actuated case with oscillation
frequency of 44 Hz and peak-to-peak amplitude of 6 mm approximately equal to 97 ν/uτ,unact.
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Figure 8.35: The mean streamwise velocity u and mean spanwise velocity w for the actuated case with oscillation
frequency of 44 Hz and peak-to-peak amplitude of 8 mm approximately equal to 130 ν/uτ,unact.
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Figures 8.36, 8.37 and 8.38 show an instantaneous image of the streamwise fluctuating
component for the unactuated and actuated cases. The images show the expected streaky
structure of the turbulent boundary layer but very little can be inferred on the changes
due to spanwise oscillations.
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Figure 8.36: An instantaneous image of u for the unactuated case.
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Figure 8.37: An instantaneous image of u for the actuated case with oscillation frequency of 44 Hz and peak-to-
peak amplitude of 6 mm approximately equal to 97 ν/uτ,unact.
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Figure 8.38: An instantaneous image of u for the actuated case with oscillation frequency of 44 Hz and peak-to-
peak amplitude of 8 mm approximately equal to 130 ν/uτ,unact.
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Figures 8.39, 8.40 and 8.41 show the mean-square distribution of the streamwise and span-
wise fluctuating components. Reductions in the mean-square velocities are now apparent;
the reduction is higher for the 8 mm case than for the 6 mm case, as expected. Each
image was obtained from a total of eight data-sets, each of 4108 images acquired at a rate
of 1500 frames/s. The mean used in the calculation of the mean and mean-square of the
fluctuating component distributions is an ensemble average of the eight data sets.
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Figure 8.39: The mean-square of the streamwise fluctuating component u2 and spanwise fluctuating component
w2 for the unactuated case.
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Figure 8.40: The mean-square of the streamwise fluctuating component u2 and spanwise fluctuating component
w2 for the actuated case with oscillation frequency of 44 Hz and peak-to-peak amplitude of 6 mm
approximately equal to 97 ν/uτ,unact.
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Figure 8.41: The mean-square of the streamwise fluctuating component u2 and spanwise fluctuating component
w2 for the actuated case with oscillation frequency of 44 Hz and peak-to-peak amplitude of 8 mm
approximately equal to 130 ν/uτ,unact.
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Figures 8.42, 8.43 and 8.44 show the percentage of invalid vectors (which were removed and
replaced by an interpolated estimation based on neighbouring vectors) for the unactuated
and actuated cases respectively.
1 2 3 4 5 6 7 8
0
2
4
6
In
va
lid
V
ec
to
rs
(%
F
ie
ld
)
Datasets (m)
x(m)
z(
m
)
−0.06−0.04−0.02
0.01
0.02
0.03
0.04
In
va
lid
R
at
e
(%
Sa
m
pl
e)
2
3
4
5
Figure 8.42: Validation map showing the percentage of invalid vectors (which were removed and replaced by an
interpolated estimation based on neighbouring vectors) for the unactuated case.
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Figure 8.43: Validation map showing the percentage of invalid vectors (which were removed and replaced by
an interpolated estimation based on neighbouring vectors) for the actuated case with oscillation
frequency of 44 Hz and peak-to-peak amplitude of 6 mm approximately equal to 97 ν/uτ,unact.
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Figure 8.44: Validation map showing the percentage of invalid vectors (which were removed and replaced by
an interpolated estimation based on neighbouring vectors) for the actuated case with oscillation
frequency of 44 Hz and peak-to-peak amplitude of 8 mm approximately equal to 130 ν/uτ,unact.
Chapter 9
Conclusions and Future Work
In this work, a study of turbulent flow control by means of a spanwise oscillating surface has
been pursued. The parameters that governed the required performance of the oscillating
surface for drag reduction were based on DNS reported in literature, mainly the work by
Quadrio & Ricco (2004). Two technologies were pursued in building the oscillating surface:
i) Electroactive Polymer (EAP) in the Dielectric Actuator mode and ii) Electromagnetic
actuators. Hot-wire measurements, PIV measurements and direct drag measurements
were carried out on the oscillating surface mounted in the wind-tunnel. The two actuators
are original in design and significant contributions have been made to the field of EAPs.
From hot-wire measurements on the actuator, a maximum drag reduction of 11.5% was
measured for oscillation conditions of 43.9 Hz (T+ ≈ 90) and a peak-to-peak amplitude
of 8 mm equivalent to approximately 130 ν/uτ . This, and other drag measurements were
close to what has been reported in literature reporting DNS and lower Reynolds number
experiments. Larger drag reductions up to approximately 16% were attained for wall
amplitudes of approximately 10 mm peak-to-peak but owing to actuator failure, the data
were not of sufficient quality (length of acquisition and number of data points in the linear
sublayer) to determine the drag reduction with absolute certainty.
As demonstrated in chapter 6, in this work, substantial contributions have been made to
the field of EAPs. An original design for a resonant actuator has been presented - in the
majority of literature, acrylic-based actuators have been developed which are useful for
very low frequency applications. The resonant actuator design presented here opens up
the possibility of using EAPs for higher frequency applications. There are major improve-
ments to be made, however. The performance of the developed actuator with up to 6 mm
peak-to-peak in-plane spanwise oscillation at 44 Hz is promising but the actuator lasts, at
best, a few hundred thousand cycles, which at 44 Hz, is a short time. It is suggested that a
concentrated effort on the chemistry of the polymer and on membrane fabrication be made
so that better materials are made available for actuator development. For the polymer
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chemistry, issues such as the relationship between the molecular structure, degree of cross-
linking, hardness and amount of filler, and, the breakdown voltage, fatigue characteristics,
tear strength and robustness need to be characterised. Better polymer membranes should
be developed where material defects, such as surface scratches and dents, material thick-
ness non-uniformities (local thinning), trapped micro-bubbles and trapped gels (locally
unmixed and hence uncured silicone part A or B), all sites of premature failure through
burnout, are kept to a minimum. Furthermore, material variability arising from issues
such as – the distribution of chain lengths in the raw material (the materials should be
filtered and hence include a narrow distribution of chain lengths around the required main
chain length); the amount of vinyl (or filler) in the mixture; the ratio of part A to part B
in the mixed quantity; the sheet manufacturing method (knife spreading, rolling between
two rollers or extruding between two knife edges); the curing procedure; whether curing
is carried out at high pressure (what value) or at atmospheric pressure, what temperature
the curing was carried out at (a range of room temperature to 150◦C is possible) and for
how long curing was carried out for – should be kept to a minimum. The potential to
design the material such that it is used closer to its glass-transition temperature should
be explored; as this point is approached, the material’s damping reduces but its stiffness
increases by orders of magnitude, so providing much higher frequencies.
The direct-drag measurement system needs to be improved so that the effects of actuator
vibrations are minimised. If the air-bearing concept is adopted again, the floating element
should be of a heavier design. The material selected to make the air-bearing should be
non-ferrous so rogue effects from magnets and electromagnetic induction forces on its
measurement ability are eliminated. Aluminium (the material of the air-bearing used in
this project) is better but it has the potential of being affected by rogue forces set up by
the floating element being a conductor in the presence of a changing magnetic field, in the
case of, say high-voltage actuation. The bearing, hence, should ideally be made of a non-
metallic material. The need for a better lifting air pressure supply, ideally independent of
the department supply (or if not, a method of maintaining a precise constant pressure) is
important. The constraining of all modes of vibration besides the streamwise component is,
perhaps, the most important aspect that requires immediate improvement. Furthermore,
the streamwise component needs to be damped without introducing any friction, static or
otherwise.
The same experiment should be performed at higher Reynolds numbers so that experi-
mental data are more representative of full-size conditions. However, the linear sublayer,
where the most important measurements are to be made, becomes thinner so that heat-
conduction effects from the hot-wire probe to the wall, spanwise velocity effects on the
hot-wire probe, measurement resolution and the effects of any out-of-plane motion may
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prevent any hot wire measurements being made. Of the four difficulties mentioned above,
the last can be eliminated but the first three may be difficult to address. This may leave
the direct measurement method of friction-drag as the only reliable method to assess the
effectiveness of the technique. Running the experiment at a higher Reynolds number, on
the other hand, has the advantage that the friction-forces measured are larger and hence
less susceptible to contamination by rogue forces. The effect of the spatial transient, as
observed in chapter 8, also reduces the total, integrated drag that could be measured. In
future experiments, a longer fetch of oscillating surface – such that the ratio of transient
length to total length is small – can be employed. This requires a larger drag-balance,
however. Another method to eliminate the effects of the spatial transients is to employ a
long fetch of oscillating surface mounted on a static foundation and just downstream of
this fetch, a shorter fetch of oscillating surface can be mounted on a drag balance. In such
a method, the portion which is mounted of the drag balance is, hence, free of transients.
With a short fetch as employed in this experiment and in most experiments reported in lit-
erature, only the inner regions of the boundary layer are affected. Hence the measurements
taken in this experiment were on a boundary layer that was not in equilibrium. Where
the flow encounters the sudden change in surface condition due to spanwise oscillations, a
new, inner boundary layer starts to grow. The boundary layer will again be in equilibrium
when this inner boundary layer reaches freestream conditions. The fetch of the oscillating
plate was not long enough for this to happen. It would be an interesting experiment to
conduct measurements on such a boundary layer which has attained this new equilibrium
but this requires a long fetch of oscillating surface.
The question of the applicability of the spanwise-oscillating wall technique for friction-drag
reduction at even higher Reynolds number and whether the scaling identified from DNS
and low-Reynolds number experiments – and confirmed in this thesis at higher Reynolds
number – is still unanswered. A project that investigates this scaling with increasing
Reynolds number would certainly contribute to this field.
A better actuator is also required. The in-plane peak-to-peak vibration amplitude of the
EAP actuator was approximately 6 mm at a frequency of 44 Hz while that of the electro-
magnetic actuator was typically up to 8 mm at the same frequency; the amplitude was
large enough for the current aerodynamic requirements. Larger amplitudes could be at-
tained with both actuators but with severely limited lifetime. The out-of-plane amplitude
of vibration needs to be minimised. Both the EAP and the electromagnetic actuators
had an out-of-plane vibration, at worst, of ±100 µm (200 µm peak-to-peak) equivalent to
approximately ±2 ν/uτ . A bearing system which ideally introduces no friction should be
employed to eliminate all modes of vibration besides the in-plane spanwise one.
Appendix A
High Voltage Amplifiers system
Summary
This appendix contains a detailed description of the operations associated with a high
voltage amplifier used within the Flow Control Group. The appendix is organised in two
sections: i) background information, equipment, its setup, and ii) a risk assessment in the
use of high-voltage amplifiers.
A.1 High voltage and support systems
The high-voltage supplies required by the electroactive polymer actuators are supplied by
four high-voltage amplifiers from TREK Inc. model number 609E-6. The 609E-6 high-
voltage DC-stable power amplifier is designed to provide precise control of bi-polar output
voltages in the range of 0 to ±4 kV DC, or peak AC with an output current capability
of ±20 mA DC, or peak AC. This model features a slew rate greater than 150 V/µs, a
large signal bandwidth of greater than 6 kHz, and low noise operation. The four-quadrant
active output stage sinks or sources current into reactive or resistive loads throughout
the output voltage range. Such a technique is essential for achieving the accurate output
responses and high slew rates demanded by reactive loads such as the actuators powered in
this application. The 609E-6 has excellent safety features including a current trip or limit
that is adjustable from 0 to 20 mA using the Current Trip/Limit Adjust potentiometer on
the front panel. It is protected against over-voltage and over-current conditions that may
be generated by active loads or by output short circuits. Precision voltage and current
monitors provide low-voltage output signals for monitoring purposes. A Digital Enable
feature provides a connection for a remote device to turn the high voltage on and off.
Figure A.1 shows a photo of the TREK 609E-6 showing some of the features mentioned
above. Section A.2 lists an adopted recommended work procedure and precautions when
working with such high-voltage amplifiers.
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Figure A.1: The TREK 609E-6 high voltage amplifier.
A further safety and control module was also designed and built into a standard 19” rack
3U module. The control section of this safety and control unit allows the user to select
(through rotary selector switches) the source of the input to the TREK amplifiers - from an
external function generator or from a 4-channel bespoke digital function generator (DFG,
described later) built in-house with the extensive help of post-doctoral researcher David
Birch. The safety section includes two extra interlocks which need to be satisfied before
the TREKs give out any high voltage, making the whole system safety protected to a
four-level interlock. The two interlocks provided by the safety and control unit include
two limit switches on a testing Perspex box - built to house actuator prototypes during
early tests - both of which need to be closed for the TREKs to be enabled and four toggle
switches (one per TREK amplifier) which need to be flipped to an ‘ON’ position to enable
the particular TREK. Colour LEDs help in identifying whether a particular TREK is
‘armed’ or not. An extra precaution taken is grounding of the metallic parts of the wind
tunnel to the same potential of the grounds of the TREK amplifiers so any short circuit
is immediately routed to earth.
A bespoke digital function generator (DFG), built in-house, provides four independent
channel outputs of the same waveform with provision for phase-shifting. The output wave
is programmed in MATLAB and uploaded via the parallel port to the 256K RAM chips
resident inside the DFG. Among the sub-systems inside the DFG there are power-backup
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systems (so that once the wave is uploaded, the computer terminal and parallel port are
no longer required); protection systems to protect the computer terminal motherboard;
timing systems to synchronise the throughput of the parallel port and the data upload
when the DFG is in upload mode and data output control once the DFG is in operate
mode and phase shifting circuitry which in conjunction with flip-switches on the front
panel allow the user to phase shift the four channels relative to each other. The DFG
also has a built-in clock which allows output of data at two particular frequencies but also
allows external clock input so that the output of data can be made more flexible. The
resolution of the output voltage waveform from the DFG is 28 in amplitude and 215 in
time.
Figure A.2: The bespoke digital function generator (DFG) for low-voltage arbitrary waveform creation and phase-
shifting capability.
After a NI-6259 DAQ board was acquired, its four analogue outputs were used as the
source of the arbitrary low-voltage waveforms required. The analogue output of the NI-
6259 has a resolution of 216 in amplitude and hence provides an improved quality output
waveform. Considering that this low-voltage waveform is amplified by 1000× by the TREK
amplifiers, an amplitude resolution of 28 of the low-voltage waveform gives voltage jumps
of 4
28
× 1000 = 15.63V when amplified by the TREK (given the output range could be
set using an in-built potentiometer to 0-4V) while a resolution of 216 gives voltage jumps
of, at worst, only 20
216
× 1000 = 0.3V (given the output range of the card was -10V to
+10V). Since the EAP actuators are capacitive in nature, a sudden change in voltage
leads to a spike followed by an exponential decay in the current waveform. Such rapid
changes in current may instantly destroy the actuators or severely reduce their lifetime
and hence the higher quality waveforms from the analogue outputs of the NI-6259 DAQ
board were eventually used. A bespoke program was written in LabView to create the
arbitrary waveforms required. This program had the facility to slowly ramp up the voltage
waveform, phase shift between four output waveforms, output virtually any waveform due
to its method of waveform definition and change the waveform frequency in real-time.
This program is described and listed in Appendix B.
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A.2 Risk Assessment
Background
The high-voltage amplifier in use by the Flow Control Group is the TREK model 609E-
6-H-CE 200/230V, developing 4kV at up to 20mA. Figure A.1 shows the amplifier’s front
panel and reference will be made to it in the text to follow.
Required equipment
1. TREK 609E-6-H-CE 200/230V, + or -4kV, 20mA High Voltage Amplifier or other
2. Oscilloscope or other real-time signal monitoring equipment
3. Signal source, (Analogue -4 to +4 VDC)
4. Perspex Testing Cubicle
5. Data Acquisition System for experimental testing
6. Electroactive polymer actuator or sensor
Setup
Figure A.3 shows the setup of the high voltage amplifier together with the signal source,
monitoring equipment and testing cubicle.
Figure A.3: Setup of the equipment.
Operating Procedure
1. 1. Set up the equipment as illustrated in Figure A.3, leaving the DIGITAL ENABLE
cable disconnected and the TREK power switch in the OFF position.
** WARNING: The high-voltage output rail is to be treated as LIVE
whenever the DIGITAL ENABLE cable is connected, regardless of the
state of any other switches.
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2. Connect the prototype to be tested to the high voltage (red) and ground/return
(black) leads inside the cubicle. Only high-voltage rated cabling and connector clips
may be used.
3. Secure the leads in place with the provided tie-down belts and screws or with tape
to prevent their accidental movement.
4. Ensure that no other electrically conductive items are placed inside the cubicle which
may provide a conductive path to the outside of the cubicle.
5. Close and latch the cubicle lid. Interlock switches inside the testing cubicle will
ensure that the amplifier can only supply a high voltage if the lid is properly closed.
6. Set the required voltage level and dc offset on the signal source unit while monitoring
the signal levels with an oscilloscope. The signal must not exceed 4 VDC or the
amplifier will saturate.
7. Connect the DIGITAL ENABLE cable and switch the TREK power switch to the
ON position. The high-voltage will then be supplied to the leads.
8. After the observations or measurements are complete, FIRST switch the TREK
power switch to the OFF position, THEN disconnect the DIGITAL ENABLE cable.
Only after these two steps are complete should the cubicle be opened.
Precautions
When carrying out experiments with the high voltage amplifier, special precautions must
be taken because of the risk of electrocution. The following precautions must be adhered
to; OTHERWISE THERE WILL BE A SERIOUS POTENTIAL RISK OF DEATH.
1. DO NOT wear finger rings, watches or bracelets.
2. DO NOT wear long necklaces.
3. Long hair must be tied short.
4. Loose clothing, or anything else which may catch on a switch or connector, must not
be worn.
5. The DIGITAL ENABLE cable must be the LAST cable to be connected - this ensures
that no high voltage is available at the leads, even if the main switch is switched on
accidentally.
6. DO NOT OVERRIDE the interlock switches inside the testing cubicle.
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7. Set the CURRENT LIMITER to the minimum level required by the experiment.
8. Verify the resistance R of the high-voltage load (the resistance between the high-
voltage lead and ground/return lead of the actuator/sensor) prior to connecting the
actuator/sensor to the supply. The maximum current drain (VMAX/R) should not
exceed 40 mV.
9. Use only high voltage rated leads on the high voltage line. Note that standard
cabling is only rated to approximately 500V, and voltages exceeding this limit will
arc through the insulation.
10. Observe the one hand rule: keep one hand behind your back while working inside
the cubicle. This minimizes the risk of accidental electrocution by not providing a
current path across the chest. Discharge across one hand will cause serious burns;
discharge from one hand to the other will stop the heart.
11. During experiments
• besides the prototype, no other electrically conductive items which may be
accessible from outside the cubicle should be inserted inside the cubicle
• the leads should be properly secured inside the cubicle with the tie-belts and
screws provided or with tape
• the high voltage lead should not be touching any of the various earth connections
inside the cubicle
• the test cubicle lid should be closed and secured with the side latches
- if for some reason, the lid cannot be closed, e.g. when monitoring with equip-
ment which requires a free line of sight to the prototype being tested, extra
precautions must be taken:
– under no circumstance, should the cubicle be approached when the DIG-
ITAL ENABLE cable is connected or when the TREK power switch is in
the ON position.
– any monitoring equipment directly above the high voltage leads should be
properly secured and grounded. The table must also be grounded and all
grounds must be common to the TREK high-voltage return.
– any cables from monitoring equipment should be tied down away from the
cubicle: the insulation around ordinary signal cabling or low voltage (e.g.
240V) power cables is not able to withstand large voltages as those used
here. In the event of any of these cables touching the exposed high voltage
lead, arcing will occur between the high voltage lead and the lower voltage
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cables through the insulation, damaging equipment and posing dangers to
users.
• Whatever happens to the prototype, the FIRST ACTION is to switch the
TREK power switch to the OFF position and disconnect the DIGITAL EN-
ABLE cable.
12. If in the extreme case where for some practical reason experiments inside the cubicle
are impossible or not practical to carry out, as is the case in wind tunnel testing,
then:
• all tests should be carried out in a properly cordoned area adequately marked
with Danger signs
• all tests should be carried out on an insulated surface
• all surrounding metal framework, such as wind-tunnel walls or traverse equip-
ment, must be properly grounded
• the high voltage and low voltage leads are taken outside the cubicle and firmly
secured to the underlying wood test-surface
• it must be ensured that NO other cables or equipment are touching the high
voltage exposed lead
• only one person is allowed to work on the equipment
• during the experiment, all adjustments on the equipment should be done by
one person only
• Whatever happens to the prototype, the FIRST ACTION is to switch the
TREK power switch to the OFF position and disconnect the DIGITAL EN-
ABLE cable
13. When the experiments are complete, all the equipment should be switched off and
disconnected from the mains supply. The DIGITAL ENABLE cable should be un-
plugged at both ends. “Danger: High Voltage: Do Not Touch” notices should be left
close to the equipment. The high voltage and low voltage leads should be secured
inside the testing cubicle and the lid closed and secured with the side latches.
14. Proper procedure must always be observed.
15. Ask others if unsure.
Appendix B
LabView arbitrary function
generator
Figure B.1 shows the control panel of the LabView arbitrary function generator. The code
had the ability to output an arbitrary wave as defined in the Wave Table and displayed
in the Wave Table Plot. Phase shifting between channels was also possible as was slow
ramping-in of voltage by a pre-defined increment per second.
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Figure B.1: The control panel of the arbitrary function generator built in LabView.
Appendix C
Thermal imaging of EAP
actuators
A FLIR thermal camera from the EPSRC Instrument Loan Pool was focused on an actua-
tor made from Scapa 1130TL acrylic foam tape. The membrane was pre-strained biaxially
by over 300% in each in-plane direction and stuck onto an acrylic (Perspex) frame with
a circular hole in the middle. The 1130TL, being a tape, is very convenient at making
actuators since no glues are required to keep the membrane in a pre-strained state. Elec-
trodes were brushed over a mask onto the middle portion of the membrane covering the
hole. Aluminium foil leads were connected to the electrodes.
Figure C.1, top, shows the actuator with a thermocouple probe touching one of the elec-
trodes. The thermocouple is required prior to the experiment to find the emissivity of the
surface under test. The actuator and the thermocouple were heated using an industrial
heat gun. The temperature as measured by the thermocouple was recorded. The emissiv-
ity setting for the membrane portion touching the thermocouple was then adjusted until
the temperature as read by the thermal camera matched that given by the thermocouple.
A thermal image of the actuator and the thermocouple are shown in figure C.1, bottom.
The method followed was that suggested by the FLIR thermal systems manual. However
it was found that the heat capacity of the membrane was so low that it could not be
verified whether the thermocouple was affecting the temperature that the membrane was
eventually reaching due to heat losses to the thermocouple. Future investigations should
investigate this aspect by using miniature thermocouples. Nevertheless, a small sample of
the data obtained is presented here.
The thermocouple was then removed in preparation for the application of the high-voltage
supply. The temperature was now monitored solely by the FLIR thermal camera with the
emissivity as determined above. The high voltage was supplied as a square wave with a
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Figure C.1: An acrylic, pre-strained circular actuator with a thermocouple in place for the determination of the
emissivity of the electroded acrylic sheet.
minimum of 0 V and a peak of 3 kV. Four frequency values were tested, 1 Hz, 10 Hz,
50 Hz and 100 Hz. Figure C.2 shows four images of the actuator during actuation at
3 kV square wave, from top to bottom, at 1Hz, 10 Hz, 50 Hz and 100 Hz. The colour
scheme was set to automatically re-scale. It is observed that at the fastest actuation, the
temperature reaches over 100 ◦C. The hottest spots were found to be where the electrodes
spread out from a narrow strip into the circular overlapping portion. Figure C.3 shows
the temperature variation with time of the hottest point in the images in figure C.2. A
quick test was performed to check whether the temperature in excess of 100 ◦C is realistic:
a few drops of water were carefully positioned close to the hot spot on the actuator. The
voltage supply was then switched on at 3 kV and 100 Hz and it was observed that the
water droplets evaporated within seconds. Scapa 1130TL acrylic is highly viscoelastic and
although at 1 Hz, the strain is close to 30%, at 100 Hz there is very little movement.
Hence all the energy input to the actuator is converted to heat. In silicone actuators, on
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the other hand, the viscoelastic losses are smaller and although no thermal measurements
have been done on such materials, it is expected that the temperatures on the actuator
would be lower and deflections still substantial at 100 Hz.
The actuator eventually failed at the location of the hot spot confirming the existence of
hot spots as shown in the images. Figure C.4 shows the failed actuator.
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Figure C.2: Four images of the actuator during actuation at 3 kV square wave, from top to bottom, at 1Hz, 10
Hz, 50 Hz and 100 Hz. The colour scheme was set to automatically re-scale. It is observed that at
the fastest actuation, the temperature reaches over 100 ◦C.
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Figure C.3: Variation of the temperature of the hottest spot in figure C.2. Note that the abscissa is not time. The
temperature reached its peak value within 2 seconds of switching on the supply voltage.
Figure C.4: The actuator eventually failed at the location of the hot spot.
Appendix D
Further EAP aspects
D.1 Connection between electrodes and power supply
Two kinds of materials were used to connect the graphite electrodes with the power supply
but the method of connection was similar in both cases, a) using strips of aluminium foil, or
b) using strips of 3M XYZ Electrically Conductive Tape 9713 placed over the electrodes.
Either method improved the connection at the junction with silver-loaded electrically
conductive paint. The conductive paint ensured a sound connection between the graphite
electrodes and the connection strips: without the paint, the total resistance was a function
of the pressure applied at the junction. However it was observed that the conductive paint
contained a solvent that in some cases destroyed the underlying membrane and so its use
was topped. The advantage of using 3M XYZ Electrically Conductive Tape 9713 was that
it is also an adhesive tape, making it convenient to stick down onto the frame so preventing
a pull-out of the connecting strip.
D.2 Early bi-axial pre-strain jig development
In chapter 3, the advantages of pre-straining silicone sheets were discussed in detail. In
order to be able to pre-stretch silicone sheet specimens, a bi-axial pre-strain jig, with
independent in-plane pre-stretch mechanisms was developed. This allows a sheet to be
pre-stretched in one in-plane direction more than the other in-plane direction. The idea
was to build a prototype to test the validity of the concept and then to develop a more
precise and robust jig. However the prototype gave sufficiently good results.
D.2.1 Candidate designs
The first requirement for a bi-axial pre-strain jig is that it should be able to pre-stretch a
specimen silicone sheet in two perpendicular in-plane directions without shear. Clearly, one
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way of pre-stretching a rectangular sheet is to clamp its four edges in four rigid, movable
frames. Moving the frames away from each other pre-stretches the sheet. However this
technique can also induce shear so that, it is only in a relatively small section in the middle
that the sheet is truly bi-axially pre-stretched, figure D.1. From such a setup only a small
portion of truly biaxially stretched material can be used with the rest of the material being
rejected.
Figure D.1: Schematic of the way a rectangular sheet is biaxially pre-stretched if the clamps are rigid. Straight
lines in the image on the left-hand side (before pre-stretch) become distorted as a pre-stretch is applied
since the material clamped in the rigid clamps cannot stretch along the clamp edges.
Another system which is equally wasteful is to use a ‘bulge-test’ mechanism consisting
of a closed chamber with an opening on one side. This open side is covered with the
silicone sheet to be tested. The chamber is pressurised from an external pressure source
and the silicone sheet hence bulges out. Since the curvature is small, the curved sheet
approximates a pre-stretched sheet. Besides the disadvantage that there is a limit to
which the silicone sheet can be inflated for the small curvature assumption to hold, there
is also the disadvantage that the amount of pre-stretch that can be applied is just a few
percentage points. Transferring the pre-stretched sheet from the chamber to a final frame
is also difficult. Figure D.2 shows a schematic of such a setup.
D.2.2 True biaxial pre-stretch jig: building and testing
The system ultimately adopted is a variant of the rigid clamp idea described above. In
this system, the clamps still move away from each other but the important difference here
is that the clamps allow the sheet clamped in them to expand along its clamped edges.
Figure D.3 shows a schematic of this true biaxial pre-stretch jig.
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Figure D.2: Schematic of the system for pre-stretching a sheet using a pressurised chamber. Only a small portion
in the middle of the sheet is approximately flat and the amount of pre-stretch that can be applied is
limited.
Figure D.4 shows two photos taken while a silicone sheet is being pre-stretched. A grid
was drawn on the silicone sheet prior to pre-stretching so that a good idea is obtained of
how uniform the pre-stretch is. In the plan view photo in figure D.4, the lines of the grid
are shown to be still perpendicular to each other; close to the clamps some curvature in
the edge boundary is noted, as expected, but this effect does not extend further inwards
than a few millimeters from the edge of the sheet.
This jig was designed and built out of off-the-shelf components for simplicity. The follow-
ing description is best followed with reference to figure D.3. The silicone sheet is clamped
discretely by crocodile clips whose toothed jaws were purposely-lined with silicone elas-
tomer to prevent them from tearing the sheet. A slot was cut close to the back end of
each crocodile clip to allow them to be connected to freely-sliding high-density polyethy-
lene (HDPE) carriers. These HDPE carriers run inside a steel rail, the assembly usually
used as a curtain hanger. Two of the rails were stationary while the opposite two were
designed to slide away from them on drawer slides. The moving rails have a further degree
of freedom: halfway through the pre-stretch, if the HDPE carriers arrive close to the edge
of the rail, the whole rail assembly can be slid sideways hence gaining more slide length for
an even larger pre-stretch. With this further degree of freedom, a maximum pre-stretch
of about 600% in both directions was attained. Each moving slide is connected to a long
threaded bolt through a small fishing swivel. When the long threaded bolt is rotated
through a nut, it axially pulls the rail backward; since each rail has a long threaded bolt
dedicated to it, the two moving clamps are independent and hence different amounts of
pre-stretch can be applied in the two in-plane directions. This jig was used until high
pre-strains started to be followed for actuator fabrication. In such cases the local shear
introduced by the coated crocodile clips was typically beyond what the sheet could with-
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Figure D.3: Schematic of the system adopted for pre-stretching a sheet in true bi-axial mode. The clamps allow
the sheet to stretch along their edges hence not inducing any shear.
stand. The jig described and used in chapter 6 eventually superseded the jigs described
here but these ideas could be the building blocks for better ones.
D.3 Development of the active surface texture actuator
It soon became clear that the single most important quality that an actuator must possess
is simplicity. Such a quality would ensure repeatability in fabrication and robustness
in operation. Numerous ideas were generated, considered and rejected on grounds of
unnecessary complexity. The use of a novel and tricky material such as electroactive
polymer for the driver medium introduced a new level of complexity and ideas which
seemed promising on paper were in fact impractical once fabrication issues were considered.
D.3.1 Stack principle: idea, building and testing
One idea which was pursued for fabrication trials consisted of a number of stack actuators
next to each other actuated at a phase difference so that a travelling wave is generated. A
sheet of elastomer over the stack actuators would smooth the step-wise output from the
array of stacks. Figure D.5 is a schematic of this idea.
Two procedures were followed in attempts to build stacks. The first involved the fabrica-
tion of an EAP/electrode ‘sandwich’ complete with patterned electrodes. Silicone sheets
were held taut in the bi-axial pre-strain jig mentioned earlier and transferred to a tem-
porary frame. Electrodes (Conductograph GFG5 graphite mixed with MED-4905 silicone
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Figure D.4: Photos of a silicone sheet being pre-stretched by the bi-axial pre-stretch jig designed and built. The
lines of the grid drawn on the sheet are shown to be still perpendicular to each other indicating a
uniform bi-axial pre-stretch.
and thinned with Heptane) were printed (sprayed) on both sides of this sheet while still
in the temporary frame. A layer of silicone adhesive (Nusil MED1-4013 thinned down
with Heptane and sprayed from an air-brush) was then applied to the sheet and it was
then transferred to a smaller, final frame using a co-locating jig. 3M XYZ electrically
conductive tape or aluminium foil was then attached to the electrodes and the process
started again for the next sheet. In such a process, a number of sheets were placed on and
glued to each other with embedded electrodes. Several stages of the process are shown in
figure D.6. The given thickness deflection produced by these stacks of four and six layers
was measured using a non-contact laser displacement sensor but the deflections obtained
were not appreciably larger than those given by one sheet. This raised the suspicion that
delamination was occurring.
In the second procedure, an attempt was made to build individual stacks, each from one
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Figure D.5: Schematic showing the principle of a stack array with a smoothing sheet on top.
continuous silicone strip, i.e. without any cutting between the individual layers. This
followed work by Carpi et al. (2007) where electrodes were applied to both sides of a strip
of silicone sheeting and this was then folded in such a way that the electrodes on the
two sides of the sheet never shorted each other, figure D.7. Such a process of building
stacks is faster than procedure 1. Initial attempts revealed the problem of delamination
and hence in a private communication with Dr. Federico Carpi, it was advised that
delamination between sheets could be avoided by applying liquid silicone between sheets
during folding and then applying a final coating over the stack following folding. In a
private communication with Dr. Roy Kornbluh of SRI, Inc., the same advice regarding
delamination was given but critically, it was advised that “...Stack actuators can work well
but require a lot of effort to make...”.
After some further attempts to build stacks following this procedure, a 30-layer stack
was built. The material used was Nusil MED-4905, 100 micrometers thick sheeting, the
electrodes were made from a mixture of Nusil MED-4905, Conductograph GFG5 and
Heptane, and the adhesive was Nusil MED1-4013. Some thickness deflections were noted
through observation but were not measured. Figure D.8 is a photo of this stack.
Following this first experience of using silicone sheeting to build actuators, the initial
observation that “maybe the single most important quality that an actuator must posses
is simplicity”, was confirmed. Building of stacks is not simple although when built, they
can provide robust actuators. Another aspect that started to emerge was how efficient
in providing a thickness change such stacks were: stacks tap into the thickness change of
the DEA which is impossible to observe with the naked eye due to its small magnitude.
A stack of 100 sheets each tapping into the thickness change may provide the deflection
required but this means supplying energy to 100 actuators in parallel with the energy
penalties this entails. Another aspect was reliability - one delamination between a pair of
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Figure D.6: Subsequent stages in the process to build a stack using procedure 1 as described in the text. Multiple
pre-strained sheets were lowered onto the co-location frame to build the stack.
sheets was enough to render a 100-sheet actuator not properly operable.
D.3.2 In-plane and out-of-plane conversion mechanisms
Following the reasoning from the last section, especially energy requirements, it became
apparent that tapping into the in-plane dimension change rather than into the thickness
change was far more efficient as the former can be easily observed. However since these
deflections are in-plane, a mechanism which would convert this in-plane deflection to an
out-of-plane one (and magnify it) needs to be identified and attached to the DEA sheet.
This idea was finally short-listed for further investigation and development. At this stage,
two configurations for in-plane to out-of-plane conversion mechanisms have been identified
although it is not excluded that during their development, even better ideas may become
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Figure D.7: Steps to obtain a folded dielectric elastomer actuator: a)strip of elastomer, b)strip with a couple of
electrodes, c)folding and d)assembled device, Carpi et al. (2007).
apparent. The following is a short description of these two configurations.
D.3.2.1 Configuration 1: Gel layer attached to the DEA sheet
Following the work by Prahlad et al. (2005), a sheet of Nusil MED-6345 gel was attached
to a pre-stretched sheet of Nusil MED-4930. The MED-4930 sheet had an initial thickness
of 100 µm but was given a pre-stretch of 36% in one direction and 266% in the other
perpendicular direction so that the thickness was reduced to 20 µm. Such a mismatch
in pre-stretch enabled the sheet to stiffen in one direction but not in the perpendicular
direction. Electrodes made from a mixture of Nusil MED-4905, Conductograph GFG5
and Heptane were sprayed over a mask onto the pre-stretched sheet such that their longer
side was along the high pre-stretch direction so the actuation would then mainly be along
their width, as required. A layer of adhesive, Nusil MED1-4013, was then sprayed over
one side of the pre-stretched sheet. Finally, a sheet of 4 mm thick Nusil MED-6345 gel was
lowered over the adhesive side of the pre-stretched sheet and the assembly was left to dry.
In a private communication, Derek Williams Wynn of Polymer Systems Technology Ltd.
advised that gels are fabricated in a way that the filler inside the parent silicone raw and
the amount of cross-linking is kept to a minimum, hence allowing the development of a
soft material. It was observed that the gel supplied was viscoelastic as on the application
of a force on it, the strain is time-dependent and on removal of that force, the recovery is
also time-dependent. Nonetheless, the prototype actuator was built using this gel because
it was not planned to drive faster than 1 Hz, the prime objective here being to observe an
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Figure D.8: A stack built using the method as described in Carpi et al. (2007).
out-of-plane deflection.
Figure D.9 shows the principle of operation: when the electrode is energised and extends
in-plane, it transfers its in-plane strain to the gel sheet through the adhesive layer. This
causes the gel to extend in-plane as well but, in the process, also thin down locally. The
gel needs to be relatively softer than the DEA sheet so that the stiffening introduced is
kept low and hence still allows the assembly to strain.
Figure D.9: Schematic of the setup of configuration 1 of the short-listed design showing the pre-stretched sheet
with a layer of softer gel glued to it. One electrode is switched on causing the deflection noted in the
gel layer.
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The assembly was tested and an out-of plane deflection was visually noted. This was
measured with a non-contact laser displacement sensor indicating a deflection of close to
400 µm. It is believed that the material displaced to the sides of the electrode to create
the trough, actually contributed to the building of a shallow crest on either side, as shown
in figure D.9. Proper characterisation of such a surface is required to feed back indications
of electrode size and electrode-width to electrode-spacing ratio for proper sine-wave active
sculpting.
D.3.2.2 Configuration 2: kinematic amplifiers
The second out-of-plane actuator idea came mainly from work involving materials with a
specific internal micro-structure. Figure D.10 shows various structured materials for the
purpose of magnifying or changing the direction of deflection in one direction in response
to a movement in one other direction.
Figure D.10: Scanning Electron Microscopy Images (SEM) images of micro-structures made of various materials,
Xu et al. (1999).
In this configuration, the in-plane deflection given by the DEA sheet can be converted
to an out-of-plane deflection and magnified if a proper internal structure is used. As
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an example, consider the schematic in figure D.11. The in-plane deflection provided by
the DEA sheet is converted to an out-of-plane one by the structural elements which are
allowed to rotate and hence sink the smoothing sheet. This configuration also introduces
a mechanical advantage into the system. If the individual triangular elements utilised
are given a low profile, i.e. a large base to height ratio, then a small elongation in the
base induces a large change in height. This is best seen in reference to figure D.12. With
reference to figure D.12 the change in base length required for the triangular structure
elements to straighten out is:
∆l = 2l(1− cos θ). (D.1)
Figure D.11: Schematic of the proposed configuration 2 of the actuator. In this configuration, the in-plane deflec-
tion by the DEA sheet is transformed into an out-of-plane deflection by a structured sheet: in this
case, a sheet made up of triangular elements with flexible joints.
Hence the in-plane strain in plane is given by
in plane =
2l(1− cos θ)
2l(cos θ)
=
1
cos θ
− 1. (D.2)
The change in height, h, obtained if the structural elements start from the position shown
in figure D.12, i.e. at a position θ and finally straighten out, normalised by the structural
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Figure D.12: Schematic of a triangular structure with dimensions to aid calculation of the optimum angle θ for
maximum out-of-plane amplification of deflection.
element length, l, is given by:
h
l
= sin θ. (D.3)
Since the in-plane strain is not expected to be pushed above 20%, this value is used as a
limit to identify the maximum angle θ to be considered, and from equation D.2, this is
given as approximately 35◦. Hence the change in height h and the in-plane strain thus
required were observed for different angles θ from small angles up to 35◦. The results, as
shown in figure D.13, indicate that while the change in height for increasing angles is close
to linear (since this covers the first 35◦ of a sine curve), there is a more marked non-linear
behaviour in the relationship between the change in height and the in-plane strain required
to attain this. It is noted that for larger height changes, a progressively larger change in
in-plane strain is required to produce the same unit change in height.
These two configurations provide the out-of-plane local deflections required. If the in-
dividual actuators are now run with a phase difference between them, the out-of-plane
deflection at adjacent locations would also have a phase difference. It is clear that for
the creation of a travelling wave, the wavelength resolution would need to be made up of
at least four actuator spans. As an example, with a resolution of five actuator spans, a
wave travelling to the right would be set up as follows: if at time t, the middle actuator
has reached its maximum out-of-plane deflection, then the first one to its left should be
on its down-stroke while the first one on its right should be on its up-stroke. The second
actuators on both the left and right sides of the middle actuator should be at their zero
strain state.
One further aspect to be considered in this kind of actuation mechanism is the actuator
resolution, particularly at higher Reynolds numbers. This will control the size of the
kinematic amplifiers and their spanwise spatial spacing. As a first approximation, this is
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Figure D.13: Plot of change in height vs. the in-plane strain required to attain it for the triangular structured
material.
thought to be O(100) ν/uτ . For higher Reynolds number flows this suggests the need for
micro-manufacturing processes.
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Figure D.14: A photo of two channels of the kinematic amplifier version of the EAP actuator.
Appendix E
Further details on setup
E.1 Wind-tunnel fan motor controller
During the hot wire wall-normal scans, while the hot wire is traversed towards the freestream,
one of the variables acquired at each step (in addition to the hot wire signal) is the dy-
namic pressure as read by the FCO510 micromanometer connected to a Pitot-static probe.
In the way the data is acquired by the MATLAB data acquisition toolbox, the data are
not made available until the end of the acquisition period, i.e. no access is available to
the data while they are being acquired. Hence, just after an acquisition is complete, a
check could be made on what the dynamic pressure and hence the freestream velocity was
during the acquisition period. This velocity was then compared to a prescribed value for
the experiment. If the difference was found to be outside a preset value, the wall-normal
scan was paused and a velocity correction scheme was invoked. The advantage of this sys-
tem was that it required only the use of one instance of MATLAB to be running because
the velocity was checked only after acquisition was complete and use was made of the
acquired data. The disadvantage was that the velocity could not be checked until after
the acquisition was complete, i.e. there was no continuous monitoring.
A second system based on a PID control system was also developed. The main advantage of
this system was that the freestream velocity was continuously monitored and never allowed
to drift outside a preset margin. However, given the way the MATLAB data acquisition
toolbox acquires data, this system required a second instance of MATLAB running in
parallel (hence a memory penalty) with the first which runs the main acquisition) and also
a second acquisition card with analogue input (hence a hardware penalty) to continuously
acquire the dynamic pressure value (independent of the main data acquisition routine). In
order to develop the PID controller, the response of the wind-tunnel velocity to a sudden
change in input voltage was required, as shown in figure E.1.
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Eventually System 1 became redundant because System 2 never let the freestream velocity
drift from the prescribed value. However system 1 was kept in operation as a redundant
backup system nonetheless, to cover the tunnel fan motor control in the event of a program
crash of the MATLAB instance running the PID control system.
Figure E.1: The sudden change in fan motor voltage and the corresponding change in wind-tunnel velocity in
order to obtain the system characteristic.
E.2 Description of Vibration Dampers
It was mentioned in section 4.4.3 that the two vibration dampers developed did not work
satisfactorily. An oil damper was developed consisting of rapid-prototyped arms which
were glued to the air-bearing floating-element vertical sides. These arms dipped in thick
engine oil contained in rapid-prototyped baths attached around the air-bearing base, figure
E.2. Recording a force transducer signal with and without the oil-dampers in place showed
no obvious change in the signal, with the ac component again of the same order as the
mean. Furthermore, for more viscous fluids, a hysteresis was observed in the mean signal
suggesting static friction effects.
Subsequently, a magnetic damper was developed. This works on the principle that a con-
ductor moving in a magnetic field, by Lenz’s law, generates currents whose electric field
attempts to cancel the change producing them. This is the same principle as magnetic
braking. Again recording a force transducer signal, this time with and without the mag-
netic damper in place brought out subtle changes in the standard deviation of the ac
component of the signal but the ac component was again of the same order as the mean.
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Figure E.2: The oil-damper rapid-prototyped arms and baths attached to the floating element of the air-bearing.
E.3 Air-bearing-laser-profilometer assembly
An attempted improvement in the direct drag measurement was to move to a system which
is not null-reading, i.e. the air-bearing floating element actually registers a movement in
measuring the friction drag on the actuator. In this system, the floating element moves
downstream against a spring whose stiffness has been chosen such that for 1 gram of fric-
tion force on the actuator, the resultant downstream movement of the floating assembly
is 588 µm. With such a design, a drag reduction of 5% resulted in the floating assembly
moving back upstream by 30 µm as opposed to the sub-micron movement registered in the
force-transducer version of the setup. The resultant movement of the floating assembly
was accurately monitored by a Micro-Epsilon OptoNCDT 2200 laser profilometer, capa-
ble of sub-micron detection of changes in distance. Figure E.3 shows the Micro-Epsilon
OptoNCDT 2200 laser profilometer and figure E.4 shows a schematic of the assembly. A
particular advantage of this system is the optical connection between the floating element
and the measuring unit making it highly insensitive to unwanted displacements and mo-
ments but highly sensitive to the streamwise deflection. From tests carried out on this
system it was established that in the absence of damping, the air-bearing oscillates in the
streamwise direction at its natural frequency at amplitudes substantially larger than the
30 µm representative of a 5% drag reduction and that this oscillation decayed very slowly.
The installation of a vibration damper may be considered on this system in the future but
the absence of static friction and hysteresis needs to be ascertained.
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Figure E.3: The Micro-Epsilon OptoNCDT 2200 laser profilometer.
Figure E.4: A schematic showing the air-bearing floating element monitored for streamwise movement by the
Micro-Epsilon OptoNCDT 2200 laser profilometer.
Appendix F
Finite Strain Elasticity
F.1 Finite strain elasticity
At higher strains typical of polymers above their glass transition temperature, where the
elastomer is elastic up to strains of several hundred per cent, the Young’s modulus Y
becomes a function of the strain itself, Pelrine et al. (2000b). Small-strain linear elasticity
assumptions are then no longer valid. Other models were developed to capture the stress-
strain relationship at these higher strains, among which the Mooney-Rivlin and the Ogden
hyperelastic models are popular.
A fundamental assumption in the formulation of these hyperelastic models is that the
material is perfectly elastic so that all the work done is stored in the form of strain
energy for an isothermal deformation, Williams (1980). In hyperelastic theory, the material
deformation is conveniently represented as a stretch ratio λi: the ratio of the final length
to the initial length in the direction of the i-strain axis, instead of the strain s, Yang et al.
(2005). The stretch ratio is related to the strain as:
λi = 1 + si, (F.1)
with λi = 1 for the un-deformed state, Yang et al. (2005). The strain energy per unit
volume (the strain energy density) may be expressed as a function of the three strain
invariants, W (I1, I2, I3):
I1 = λ21 + λ
2
2 + λ
2
3
I2 = (λ1λ2)2 + (λ2λ3)2(λ3λ1)2 (F.2)
I3 = (λ1λ2λ3)2.
A unit cube of material deforms to become a cuboid of side lengths λ1, λ2 and λ3. Since
this analysis is restricted to pure deformations, i.e. no shearing is involved, p1, p2 and
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p3 can be considered as principal stresses causing principal extension ratios λi, Williams
(1980). The change in the stored energy for a small change in the deformations may be
written as:
dW = p1λ2λ3dλ1 + p2λ1λ3dλ2 + p3λ1λ2dλ3. (F.3)
It is noted that the three terms in this equation are of the form p1λ2λ3dλ1 where p1λ2λ3 is
the force and dλ1 is the small deflection in the direction of the force so that their product
is the work done. Hence Williams (1980) notes that the stresses are expressions of the
form:
p1 =
1
λ2λ3
∂W
∂λ1
. (F.4)
For an incompressible material, it is shown that λ1λ2λ3 = 1 and so the three stretch ratios
are not independent variables. This means that the invariant I3 does not contribute to the
strain energy and the strain energy function is then W (I1, I2). Williams (1980) notes that
an internal hydrostatic pressure p maintains the incompressibility criterion and appears
in the equation for stress:
p1 =
1
λ2λ3
∂W
∂λ1
+ p. (F.5)
Furthermore, due to the incompressibility condition, 1λ2λ3 in equation F.5 can be replaced
by λ1 giving:
p1 = λ1
∂W
∂λ1
+ p (F.6)
and the strain invariants are now written as:
I1 = λ21 + λ
2
2 + λ
2
3
I2 =
1
λ21
+
1
λ22
+
1
λ23
(F.7)
I3 = 1.
The rate of change of W can be expressed as:
∂W
∂λ1
=
∂W
∂I1
∂I1
∂λ1
+
∂W
∂I2
∂I2
∂λ1
+
∂W
∂I3
∂I3
∂λ1
. (F.8)
Differentiating the invariants as required, substituting into equations of the form of equa-
tion F.8 and finally substituting into the stress equations of the form of equation F.6:
p1 = 2λ21
∂W
∂I1
− 2
λ21
∂W
∂I2
+ p
p2 = 2λ22
∂W
∂I1
− 2
λ22
∂W
∂I2
+ p (F.9)
p3 = 2λ23
∂W
∂I1
− 2
λ23
∂W
∂I2
+ p.
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The Mooney Rivlin model describes the stress-strain properties of an elastomer from a
strain energy minimisation analysis, Kofod (2001). It was found that the energy function
W as proposed by Mooney and Rivlin constructed as a suitable linear function of invariants
of the strain tensor gave a good representation of the stress-strain relationship in practice:
W = C1(I1 − 3) + C2(I2 − 3). (F.10)
Differentiating this function with respect to I1 and I2 gives:
∂W
∂I1
= C1 and
∂W
∂I2
= C2. (F.11)
Substituting into equations F.9 gives:
p1 = 2λ21C1 −
2
λ21
C2 + p
p2 = 2λ22C1 −
2
λ22
C2 + p (F.12)
p3 = 2λ23C1 −
2
λ23
C2 + p.
As an example, Williams (1980) then uses these equations for the case of simple plane
tension. For plane stress, p3 = 0. Hence p can be written as:
p = −−2C1
λ21λ
2
2
+ 2C2λ21λ
2
2 (F.13)
and substituting into the first equation of the set F.9 gives:
p1 = (C1 + C2λ22)
(
2λ21 −
2
λ21λ
2
2
)
. (F.14)
Since in this example, simple tension is being considered, then p2 = 0. From the in-
compressibility condition, if λ1 = λ then λ2 = λ3 = 1λ1/2 , which, when substituted into
equation F.14 give:
p1 = 2λ2
(
C1 +
C2
λ
)(
1− 1
λ3
)
. (F.15)
Constants C1 and C2 are evaluated by fitting equation F.15 to data obtained from exper-
iments, which in this work, are obtained from tensile tests on the EAP samples.
F.2 Fitting hyperelastic models to data from chapter 6
As a double check on the 9th order polynomial fits to the data presented in chapter 6, a
number of models were fit to some data sets. From these models, the modulus of elasticity
at zero strain was calculated and compared to the value obtained from differentiating the
9th order polynomial.
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F.2.1 Ogden model
In the Abaqus Analysis User’s Manual (2010), the form of the Ogden strain energy poten-
tial is
U =
N∑
i=1
2µi
α2i
(λαi1 + λ
αi
2 + λ
αi
3 − 3) +
N∑
i=1
1
Di
(Jel − 1)2i, (F.16)
where, λj are the deviatoric principal stretches λj = J−1/3λj and λj are the principal
stretches, N is a model parameter and µi, αi and Di are temperature dependent material
parameters. The initial shear modulus and bulk modulus for the Ogden form are given
by: µ0 =
∑N
i=1 µi and K0 =
2
D1
. For an incompressible material, as highlighted in chapter
3, ν = 0.5 and as mentioned earlier, λ1λ2λ3 = 1. Referring to equation F.16, MSC (2010)
define J as J = λ1λ2λ3 and set J = 1 for an incompressible material. It is also shown
that constants Di = 0 for an incompressible material. The Ogden strain energy potential
hence simplifies to:
U =
N∑
i=1
2µi
α2i
(λαi1 + λ
αi
2 + λ
αi
3 − 3), (F.17)
For simple tension of an incompressible material, i.e. force is applied along one axis and
the material is free to contract in the two orthogonal directions, making use of λ1λ2λ3 = 1,
λ2 = λ3 = 1√λ1 . The Ogden model further simplifies to:
U =
N∑
i=1
2µi
α2i
(λαi1 + λ
−αi/2
1 + λ
−αi/2
1 − 3), (F.18)
Differentiating equation F.18 with respect to λ1 to get the stress in the loading direction,
σ1 =
dU
dλ1
=
N∑
i=1
2µi
αi
(λαi−11 − λ−1−αi/21 ), (F.19)
Differentiating again with respect to λ1 to get the rate of change of stress with strain and
setting the strain to zero results in the Young’s modulus:
dσ1
dλ1
=
N∑
i=1
2µi
αi
((αi − 1)λαi−21 + (1 +
αi
2
)λ−2−αi/21 ), (F.20)
dσ1
dλ1
=
N∑
i=1
2µi
αi
((αi − 1)(1 + 1)αi−2 + (1 + αi2 )(1 + 1)
−2−αi/2), (F.21)
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Setting  to 0,
dσ1
dλ1
=
N∑
i=1
2µi
αi
((αi − 1) + (1 + αi2 )), (F.22)
simplifies to:
E =
dσ1
dλ1
=
N∑
i=1
3µi. (F.23)
The Abaqus Analysis User’s Manual (2010) defines the the initial shear modulus as: µ0 =∑N
i=1 µi; i.e. from equation F.23, E = 3µ0. This is in agreement with the expression
relating shear modulus with Young’s modulus given in Phani & Sanyal (2008), E = G(1 +
2ν) where G is the shear modulus. For incompressible materials, ν = 0.5 and hence
E = 3G.
F.2.2 Mooney-Rivlin model
In the Abaqus Analysis User’s Manual (2010), the form of the Mooney-Rivlin strain energy
potential is
U = C10(I1 − 3) + C01(I2 − 3) + 1
D1
(Jel − 1)2 (F.24)
where C10, C01 and D1 are temperature-dependent material parameters, I1 = (λ
2
1+λ
2
2+λ
2
3)
and I2 = (λ
−2
1 + λ
−2
2 + λ
−2
3 ).
λj are the deviatoric stretches λj = J−1/3λj , J is the total volume ratio and λj are the
principal stretches.
Again, D1 = 0 and J = 1 for an incompressible material. The relationship simplifies to:
U = C10(λ21 + λ
2
2 + λ
2
3 − 3) + C01(λ−21 + λ−22 + λ−23 − 3). (F.25)
Again for simple tension, λ2 = λ3 = 1√λ1 . The Mooney-Rivlin model further simplifies to:
U = C10(λ21 + λ
−1
1 + λ
−1
1 − 3) + C01(λ−21 + λ1 + λ1 − 3). (F.26)
Differentiating with respect to λ1 to get the stress in the loading direction:
σ1 =
dU
dλ1
= C10(2λ1 − λ−21 − λ−21 ) + C01(−2λ−31 + 1 + 1). (F.27)
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Differentiating again with respect to λ1 to get the rate of change of stress with strain and
setting the strain to zero results in the Young’s modulus:
dσ1
dλ1
= C10(2 + 2λ−31 + 2λ
−3
1 ) + C01(6λ
−4
1 ) (F.28)
which is equivalent to:
dσ1
dλ1
= C10(2 + 2(1 + 1)−3 + 2(1 + 1)−3) + C01(6(1 + 1)−4). (F.29)
Setting 1 to 0,
dσ1
dλ1
= C10(2 + 2(1)−3 + 2(1)−3) + C01(6(1)−4). (F.30)
which simplifies to:
E =
dσ1
dλ1
= C10(2 + 2(1)−3 + 2(1)−3) + C01(6(1)−4). (F.31)
This results in:
E =
dσ1
dλ1
= 6(C10 + C01). (F.32)
Now, Abaqus Analysis User’s Manual (2010) states that the initial shear modulus is given
by µ0 = G = 2(C10 + C01). Hence again, the Young’s modulus is given by E = 3G.
F.2.3 Polynomial model
In the Abaqus Analysis User’s Manual (2010), the form of the polynomial strain energy
potential is
U =
N∑
i+j=1
Cij(I1 − 3)i(I2 − 3)j +
N∑
i=1
1
Di
(Jel − 1)2i. (F.33)
where N is a material parameter, Cij and Di are temperature-dependent material pa-
rameters, I1 and I2 are the first and second deviatoric strain invariants defined as I1 =
(λ21 + λ
2
2 + λ
2
3) and I2 = (λ
−2
1 + λ
−2
2 + λ
−2
3 ). λj are the deviatoric stretches λj = J
−1/3λj ,
J is the total volume ratio and λj are the principal stretches. The initial shear modulus is
given by µ0 = G = 2(C10 + C01). Hence again, the Young’s modulus is given by E = 3G.
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F.2.4 Fits to models
The data sets whose Young’s moduli (as calculated by a 9th order polynomial) were re-
ported in tables 6.1 and 6.2, were used to obtain Ogden fits with N = 1 and 3, a Mooney-
Rivlin fit and a polynomial strain energy potential with N = 2. The following table shows
the Young’s modulus as calculated from the 9th order polynomial and from each of the
models for comparison. The figures which follow show the data sets with the 9th order
polynomial trend and the four other models mentioned above. From the table, and the fits
in each figure, it is observed that in most cases, the Polynomial Strain Energy Potential
with N = 2 and the Ogden model with N = 3 give the closest value for the Young’s
modulus to the 9th order polynomial employed in chapter 6. It also becomes clear that in
a number of cases, in an effort for the particular model to fit the whole data set as best
as possible, it fails to properly model the first portion of the data from which the Young’s
modulus is calculated. This explains the spread in the value of the Young’s modulus (for
the same data) obtained from different models. It is concluded that in the majority of
cases, using the Polynomial Strain Energy Potential with N = 2 and to a lesser extent,
the Ogden model with N = 3, similar conclusions to those obtained from the 9th order
polynomial are reached.
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Figure F.1: The stress-strain data up to 200% strain for a particular specimen together with the five fit models.
In this case, the 9th order polynomial, the polynomial strain energy potential with N = 2 and the
Ogden model with N = 3 provide a better fit than the Mooney-Rivlin and Ogden with N = 1 fits.
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Specimen Details Young’s Modulus (MPa)
9th order
polyno-
mial
Polynomial
strain energy
potential
N=2
Mooney-
Rivlin
Ogden
N=3
Ogden
N=1
1 Unaltered 0.535 0.472 0.401 0.107 0.330
2 Unaltered 0.553 0.516 0.411 0.487 0.412
3 Powd. graphite 0.485 0.471 0.414 0.258 0.370
5 Powd. graphite 0.436 0.459 0.399 0.371 0.369
6 30 mins., 176◦C 0.841 0.675 0.419 0.537 0.491
7 60 mins., 176◦C 0.748 0.643 0.451 0.527 0.479
8 90 mins., 176◦C 0.618 0.569 0.461 0.523 0.466
9 120 mins., 176◦C 0.610 0.552 0.443 0.459 0.430
10 30 mins., 176◦C 0.581 0.543 0.438 0.465 0.434
11 60 mins., 176◦C 0.583 0.530 0.424 0.461 0.422
12 90 mins., 176◦C 0.653 0.584 0.429 0.710 0.474
13 120 mins., 176◦C 0.582 0.532 0.420 0.512 0.461
14 MED-4901-B-
graphite
0.822 0.718 0.494 0.646 0.512
15 MED-4901-B-
graphite
0.789 0.730 0.515 0.676 0.536
16 MED-4901-B-
graphite
0.798 0.713 0.488 0.660 0.508
17 MED-4901-B-
graphite
0.623 0.600 0.406 0.607 0.387
18 MED-4901-B-
graphite (1 side)
0.784 0.680 0.468 0.813 0.493
Table F.1: Young’s modulus of specimens, unaltered, electroded in two ways and post-processed by heat; for each
case, the modulus was obtained from 5 methods.
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Figure F.2: Specimens 1 and 2 (unaltered): stress-strain data with models.
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Figure F.3: Specimen 3 and 5: electrode applied with powdered graphite.
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Figure F.4: Specimen 6: Heated at 176◦ C for 30 minutes.
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Figure F.5: Specimen 7: Heated at 176◦ C for 60 minutes.
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Figure F.6: Specimen 8: Heated at 176◦ C for 90 minutes.
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Figure F.7: Specimen 9: Heated at 176◦ C for 120 minutes.
F.2. Fitting hyperelastic models to data from chapter 6 305
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
x 104
Engineering Strain, ∆l/l0
E
ng
in
ee
rin
g 
S
tre
ss
, (P
a)
Specimen 10 (Heated at 176°C for 30 minutes)
 
 
Experimental data
9th order polynomial
Polynomial strain energy potential N = 2
Mooney−Rivlin (Polynomial strain energy function N = 1)
Ogden N = 3
Ogden N = 1
Figure F.8: Specimen 10: Heated at 176◦ C for 30 minutes.
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Figure F.9: Specimen 11: Heated at 176◦ C for 60 minutes.
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Figure F.10: Specimen 12: Heated at 176◦ C for 90 minutes.
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Figure F.11: Specimen 13: Heated at 176◦ C for 120 minutes.
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Figure F.12: Specimen 14: electrode sprayed with MED4901-B-graphite binary mix.
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Figure F.13: Specimen 15: electrode sprayed with MED4901-B-graphite binary mix.
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Figure F.14: Specimen 16: electrode sprayed with MED4901-B-graphite binary mix.
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Figure F.15: Specimen 17: electrode sprayed with MED4901-B-graphite binary mix.
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Figure F.16: Specimen 18: electrode sprayed with MED4901-B-graphite binary mix.
Appendix G
Hot-wire results on EAP surface
G.1 Hot wire scan over an EAP oscillating surface
In chapter 8, a set of hot-wire results obtained over the electromagnetic oscillating sur-
face whose development was explained in chapter 7 was presented. Experiments were also
conducted over an EAP oscillating surface described in chapter 6. Some data from ex-
periments on EAP surfaces are presented in this Appendix. Given the frequent actuator
failures, the data presented here, had for example, short acquisition times such that the
time the actuator was in use was minimised.
The data presented here are for a wall-normal hot wire scan, starting from a position close
to the oscillating surface and traversing outwards towards the freestream. In order to avoid
switching the actuator on and off at each wall-normal location, first, an unactuated wall-
normal scan was performed, followed by a similar scan where the actuator was continuously
on at 2.9 kV. This procedure was repeated for another OFF case and then a case with
the actuator at 3 kV. This is in contrast to the data presented in chapter 8 where at each
wall-normal location, data for six cases were acquired, 3 OFF cases and 3 ON cases at
differing conditions, i.e. all data was acquired in one traverse. The latter method and data
set ensured that for all cases, the wall-normal positions in the six cases’ velocity profiles
were synchronised. In the data presented here, four separate traverses were made, two for
the OFF case and two for the ON case which could have led to an error in the wall-normal
location between the four traverses.
Figure G.1 shows the mean velocity profiles for the four cases mentioned above. It is
observed that for the actuated cases, the velocity gradient close to the wall is lower than
for unactuated cases indicating a friction drag reduction. For actuated cases, the first
data point indicates a higher velocity than that for unactuated cases; this is deemed to
be due to the effect of oscillating the surface transversally beneath the hot wire effectively
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exposing a larger surface area to conduct heat away.
Figure G.1: The mean velocity profile in non-dimensional units for unactuated and actuated cases. The data were
normalised by the friction velocity of the unactuated case.
Figure G.2 shows the r.m.s. profile of the fluctuating component of the streamwise velocity.
Contrary to what was reported in literature and contrary to the data presented in chapter
8, the peak of the r.m.s. profile was found to be slightly higher for the actuated cases
compared to unactuated cases. From studies on the probability distribution functions at
selected wall normal locations, it was observed that the increases in the r.m.s. peak may
have occurred due to the extreme events introduced by the oscillating wall, which events
can be better observed in the skewness and kurtosis plots.
The wall-normal distribution of the skewness is shown in figure G.3 (left). It is observed
that the skewness peak moves away from the wall, that the skewness has also been made
positive at wall normal locations where previously it had had a negative value and that
such effects extend also into the buffer layer. The enhancement of some high-speed streaks
as observed from the positive tail of the pdfs leading to the increase in the skewness
are also believed to be responsible for the increase in kurtosis suggesting an increase in
intermittency. This increase can be seen in figure G.3 (right) which shows the kurtosis
wall-normal distribution.
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Figure G.2: The r.m.s. velocity profile in non-dimensional units for unactuated and actuated cases. The data
were normalised by the friction velocity of the unactuated case.
G.2 Summary
In this appendix, an investigation of the effects of a self-contained, EAP-driven spanwise os-
cillating wall was reported. The experiments enabled a comparison of friction drag between
the cases when the EAP-driven surface was off and when it was made ON. These compar-
isons involved performing wall-normal scans using a miniature single hot-wire probe. The
Reynolds number of the cases studied was in the range 2000 6 Reθ 6 3000. The effect
of the oscillating wall on the near-wall flow was explored and of major interest were the
effects on the near-wall streamwise mean velocity profile and the effects on higher order
statistics such as the wall-normal distribution of the r.m.s., skewness and kurtosis of the
fluctuating component. Most of the results agreed with what was reported in literature
bar the r.m.s. velocity profile which contrary to what was expected, increased for actuated
cases.
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Figure G.3: (left) Skewness, (right) Kurtosis, of the streamwise velocity in the turbulent boundary layer, with
control and without control.
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